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In recent decades there has been a general decline of aquatic macrophyte 
communities in the Netherlands. In general, the two most endangered fresh 
water habitats in the Netherlands are the nutrient and carbon poor shallow 
lakes and moorland pools located on the more elevated pleistocene sandy 
deposits, and the mesotrophic shallow lakes in the peaty lowland of the Neth-
erlands. 
Isoetid species, such as Litorella uniflora. Lobelia dori/nanna, and /soefes 
species have disappeared from many of the weakly buffered, nutrient poor 
waters (Arts, 1990). This recent decline can be mainly attributed to increased 
deposition of acidifying nitrogen containing precipitation (Arts, 1990; Roelofs, 
1983; Roelofs et al. 1984). Acidification of the water layer leads to temporarily 
increased levels of carbon dioxide in the sediment and the water layer. As a 
result of a reduced nitrification rate in acid water and high deposition of 
ammonium, species which are dependent on the uptake of C02 from the 
water layer and which use ammonium as their nitrogen source, e.g. Juncus 
bu/bosus and Sphagnum species, become dominant. Consequently, the isoetid 
species ultimately disappear. 
In the peaty lowland areas, a strong decline of rooted aquatic macrophytes 
has been observed. Over the last thirty years, for instance, Stratiotes a/oides, 
has shown a strong decline (Weeda et al., 1991). Originally, Stratioites was one 
of the most characteristic species in the peaty lowlands of the Netherlands. 
Along with Stratiotes aloides, many other rooted species (such as Potamoge-
tón species) have declined. In the remaining Stratiotes stands, many accom-
panying species such as Potamogetón compressas. Potamogetón acutifolius. 
Elodea canadensis, and Hydrocharis morsus-ranae have declined also or have 
decreased in abundance. Simultaneously, species that indicate increased tro-
phic levels such as Lemna species, Spirodela po/yrhiza, and filamentous algae 
have increased in abundance (Schipper, 1991). At present, Stratiotes is merely 
found in areas in which the original hydrology is still intact; such as the 
surroundings of the village of Giethoorn in the north-western part of the pro-
vince of Overijssel and the "Noorderpark", in the province of Utrecht. There-
fore, it was hypothesized that the changed hydrology in many parts of the 
Netherlands is, at least partly, responsible for the strong decrease of many 
rooted aquatic macrophytes in the peaty lowlands (Roelofs, 1991). 
Changes in hydrology 
In recent decades, ground water levels have strongly decreased in large 
parts of the Netherlands. In parts of the provinces of Drenthe, Overijssel, Gel-
derland, Noord-Brabant and Limburg ground-water levels have dropped more 
than 75 cm since the 1950's (Leuven and Bles 1988; figure 1). These 
decreases are caused by human activities such as water extraction and in-
creased drainage to facilitate agricultural practices and land reclamation. 
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Figure 1 
Changes of the mean ground water levels in the Netherlands between the 
period of 1956-1960 and the period of 1973-1977. 
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Decreased ground water levels have important consequences for the hydrology 
of the peaty lowland areas. 
Normally, rain water infiltrates the more elevated parts and, due to ground 
water pressure, water of a calcareous nature enters the surrounding lower (wet) 
areas as seepage. In The Netherlands, this seepage water is generally charac-
terized by a slightly acid pH, with a high bicarbonate and carbon dioxide con-
tent and relatively low sulphate levels. Furthermore, the seepage usually con-
tains iron which is important for the immobilisation of phosphorus in sediments 
(Boström, 1982; Smolders and Roelofs, 1993). Decreased ground water press-
ure will result in decreased seepage, and thus, in a water shortage in areas 
that are fed for a large part by seepage. 
To prevent the lower areas from drying out, surface water has to be allowed 
in. At present large parts of the Netherlands are influenced by surface water, 
and hence, the hydrology of these areas has changed considerably. These 
changes may have a number of effects on the aquatic macrophyte communi-
ties. 
Decrease in the variety of aquatic macrophyte communities 
Firstly a decrease of the variety of the aquatic macrophyte communities is to 
be expected (Roelofs and Torenbeek, 1988). Many water plants appear to be 
indicative of a certain water type (De Lyon and Roelofs, 1986). There are spe-
Figure 2 
The relative amount of chloride, sulphate and bi(carbonate) ions presented in 
a triangle field diagram. Every point represents a surface water in the Nether-
lands. In figure 2B, randomly selected waters are represented. Figure 2A shows 
waters that are influenced by the river Rhine. * represents the composition of 
the river Rhine water in September 1991. 
0 100 0 100 
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cíes, for instance, that only occur in waters in which bicarbonate is the 
dominant anion. Other species only occur in waters in which chloride or sul-
phate is dominant, while there are also indifferent species or species that 
occur in intermediate water types (de Lyon and Roelofs, 1988). Waters that are 
directly or indirectly fed by river Rhine water loose their original characteristics 
and develop the characteristics of river Rhine water (figure 2). As a con-
sequence, aquatic macrophytes indicative of such a water type will become 
the predominant species (Roelofs and Torenbeek, 1988; Roelofs and Smolders, 
1993). Therefore, because of the decreased variety of water types, a concomi-
tant decreased variety of aquatic macrophyte species is to be expected, even 
if the inlet water were to be clean and would have no other negative effects. 
Direct eutrophication 
Waters that are fed directly with water from the river Rhine, or the river 
Meuse, can become eutrophicated because of the relatively high nutrient load 
of these rivers. Increased shading due to increased growth of epiphytes and 
filamentous algae will lead to a decreased vitality of submerged aquatic 
macrophytes in eutrophied waters (Philips et al. 1978). Finally submerged 
macrophytes will even disappear while phytoplankton normally becomes 
dominant in lakes; in small shallow surface waters floating species, such as 
Lemna species and Spirodela polyrhiza usually come to dominance, leaving 
the water column empty. 
Internal eutrophication 
It has been observed that it are not only the waters which are directly fed 
with river Rhine water that become eutrophied. Eutrophication also occurs in 
waters that are fed with a river Rhine type of water derived from the nutrient 
poor Ijsselmeer (Roelofs and Cals, 1989; Roelofs, 1991). It was also observed 
that many attempts to prevent eutrophication of surface waters by stripping the 
inlet water of nutrients, were not effective and only resulted in a very temporal 
improvement of the water quality (Roelofs and Cals, 1989). Therefore, it was 
suggested that so-called internal eutrophication processes might be involved in 
the eutrophication of surface waters after the inlet of water derived from the 
river Rhine (Roelofs and Cals, 1989; Roelofs, 1991; Roelofs and Smolders, 
1993; Smolders and Roelofs, 1993). 
Alkalinisation 
Contrary to seepage water, river Rhine water has an alkaline nature (rela-
tively high pH and high bicarbonate levels). This high alkalinity is thought to 
result in an alkalinisation of the sediments. Furthermore, river Rhine water has a 
relatively high sulphate content which is easily reduced in the organic reductive 
sediments of the surface waters in the peaty lowlands. Sulphate in ground 
water has also increased considerably in recent decades, owing to the oxida-
tion of sedimentary pyrite by nitrate from agricultural sources (Stuyfsand, 1993). 
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Sulphate reduction results in a net production of alkalinity (Cook et al., 1986; 
Schindler et al., 1986; Roelofs, 1991; Smolders and Roelofs, 1993). As a result 
of the alkaline nature of the inlet water, and the additional reduction of sul-
phate in the sediments, the alkalinity of the sediments will increase. An in-
creased alkalinity has been shown to stimulate the breakdown of organic mat-
ter in situ by buffering the acids produced inside organic particles during 
organic matter breakdown (Kok and Van de Laar; 1991). 
Iron depletion of the sediment 
Apart from alkalinisation, the iron cycle plays an important role in the availa-
bility of phosphate in the sediments and the exchange of phosphate from the 
sediment to the water layer (Boström, 1982; Baccini, 1985; Roelofs, 1991; 
Smolders and Roelofs, 1993). Iron-phosphate interactions result in the immobi-
lisation of phosphate in the sediment. Furthermore, oxidation of Fe(ll) in the 
aerobic boundary layer between the sediment and the water layer results in 
iron(lll)phosphate precipitation and thus prevents the exchange of phosphate to 
the water layer (Baccini, 1985). Decreased seepage leads to decreased input 
of iron by ground water, while the surface water which is allowed in does 
normally not contain much iron. Furthermore, sulphate reduction leads to the 
production of sulphide which precipitates free iron. As a result, iron levels 
might become very low which could also influence the mobilizaton of phos-
phate from the sediments. Another possible effect of strongly decreased free 
¡ron levels in sediment pore water could be iron limitation. Until now, however, 
there are few reports of iron deficiency symptoms in aquatic macrophytes. 
Phytotoxins 
Roelofs (1991) suggested that the accumulation of sulphide, owing to the 
reduction of sulphate after the inlet of sulphate containing surface water, is a 
threat to rooted aquatic macrophytes such as Stratiotes a/oides. Indeed sul-
phide can be highly toxic for the roots of (semi-)aquatic macrophytes (Allam 
and Hollis, 1972; Yoshida and Tadano, 1978; Pearson and Havill, 1988; Koch 
and Mendelssohn, 1989; Roelofs, 1991) and is known to accumulate in the 
sediments after the inlet of sulphate containing river water (Roelofs, 1991; 
Smolders and Roelofs, 1993). Sulphide toxicity, however, is particularly known 
from brackish water habitats and has been described, for instance, for Spartina 
species (King et al., 1982; Webb et al., 1995) . 
Ammonium can also act as a Phytotoxin and can reach toxic levels for 
aquatic macrophytes (Agami et al., 1974; Glänzer et al., 1977; Roelofs, 1991). 
Due to direct or internal eutrophication and atmospheric deposition, ammonium 
levels have increased strongly in the surface waters of The Netherlands (Arts, 
1990). 
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Generative propagation 
Some aquatic macrophytes, such as Lemnaceae, Hydrocharis morsus гапа 
and E/odea species, largely reproduce by means of vegetative (clonal) repro­
duction. In some cases this is due to the absence of one of the two sexes. 
Stratiotis a/o/des is also believed to reproduce asexually in most areas (Cook 
and Urmi-König, 1983). The absence of generative propagation strongly 
decreases genetic differences within populations and may thus make them 
more vulnerable to environmental changes (Hutchings, 1986; Levin, 1986). 
Generative propagation can be beneficial, by increasing the genetic variation 
within populations and by increasing the range of dispersal by means of 
seeds. 
Outline of this thesis 
In this thesis, the possible mechanisms involved in the decline of rooted 
aquatic macrophytes in the peaty lowland areas of the Netherlands are studied. 
In particular, the possible link between the changed hydrology and the decline 
of rooted aquatic macrophytes is assessed. It is hypothesized that the changed 
hydrology can lead to the following effects, which might especially affect the 
rooted aquatic macrophytes: 
1) Direct eutrophication or internal eutrophication owing to alkalinisation of 
the sediment and/or interference with the iron cycle. 
2) Accumalation of potential Phytotoxins (i.e. hydrogen sulphide and 
ammonium) in the sediment and the water layer. 
3) Iron deficiency owing to strongly decreased iron levels in sediment pore 
water. 
I particularly concentrated the research on the decline of Stratiotes a/o/des, 
originally one of the most characteristic plant species of the surface waters in 
the peaty lowlands of the Netherlands. However, I presume that possible 
environmental causes for the decline of Stratiotes a/o/des could also be invol-
ved in the concomitant decline of other rooted aquatic macrophytes from the 
same type of habitats. 
In chapter 2, the extent and the possible effects of the inlet of river Rhine 
water in the peaty lowlands of the Netherlands are elaborated. In chapter 3, 
possible causes for the decline of Stratiotes a/o/des are indicated by compar-
ing the changes in 45 Stratiotes stands distributed all over the Netherlands, 
between 1980 and 1992. In chapter 4, the role of the iron cycle in internal 
eutrophication processes is studied in an enclosure experiment in which iron(ll) 
chloride was experimentally added to a sulphide rich sediment. Furthermore, 
the effects of high sulphide levels on the survival and growth of Potamogetón 
acutif/orus was studied. Chapter 5 deals with the effects of ammonium on the 
growth of young Stratiotes plantlets. Chapter 6 examines the effects of different 
iron levels in sediment pore water on the survival of Stratiotes roots. In chapter 
7, the occurrence of iron deficiency in Nympho/des pe/tata is described. 
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Chapter 8 and 9 of this thesis focus on the generative propagation of Stra-
f/ofes a/oides in the Netherlands as, at least in the case of this species, the 
general lack of generative propagation may also contribute to the decline of 
the species. 
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CHAPTER 2 
Internal eutrophication, iron limitation and sulphide accumulation due 
to the inlet of river Rhine water in peaty shallow waters 
in the Netherlands 
(with J.G.M. Roelofs; Archiv für Hydrobiologie, 133, 349-365). 
-17-
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Internal eutrophication, iron limitation and sulphide 
accumulation due to the inlet of river Rhine water 
in peaty shallow waters in the Netherlands 
A. Smolders and J. G. M. Roelofs1 
With 4 figures and 3 tables in the text 
Abstract: Due to agricultural activities and increased water extraction, ground water 
levels have generally decreased in large parts of the peaty lowlands in the Nether-
lands. As a result (iron containing) seepage has decreased in many regions while alka-
line river Rhine water, rich in sulphates and poor in iron, has been used to compen-
sate for the shortage of water. This has resulted in increased alkalinity and organic 
sediment breakdown. Increased sulphate reduction leads to iron sulphide precipitation 
and internal alkalinity generation. As a result of these processes phosphate and am-
monium levels in sediment pore water have increased strongly. Release of these nutri-
ents to the water layer has resulted in internal eutrophication of the peatland ecosys-
tems. Further, iron levels have decreased strongly due to decreased seepage and iron 
sulphide precipitation. As a result sulphide accumulates in sediment pore water and 
reaches toxic levels. Furthermore, decreased iron levels appear to be correlated with 
increased phosphate levels in sediment pore water. The strong decline of aquatic 
macrophytes in many minerotrophic peatlands in non agricultural regions in the 
Netherlands can probably be attributed to internal eutrophication, internal intoxication 
and iron limitation, resulting from changed hydrological situations i.e. decreased see-
page and inlet of river Rhine type water. 
Introduction 
As a result of changed land-use, increased water extraction and drainage, 
ground water levels have gradually decreased in large parts of the Netherlands 
over the last century. To prevent the peat from shrinking, which can have dis-
astrous effects by causing subsidence, and to meet agricultural demands, wa-
ter originating from the river Rhine has been let into large areas of the peaty 
lowlands, which are characteristic of the Northern and the Western areas of 
Authors' address: Department of Ecology, Section Environmental Biology, Uni-
versity of Nijmegen, Toemooivcld NL-6525 Ed Nijmegen, The Netherlands. 
0003-9136/95/0133-0349 $ 4.25 
© 1995 E. Schweizerbart'sche Verlagsbuchhandlung, D-70176 Stuttgart 
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the Netherlands (BLOEMENDAAL & ROELOFS 1988, KOERSELMAN & VERHOE-
VEN 1989, VAN WIRDUM 1991). 
These changes have some major effects on the eco-hydrological situation 
in peaty lowlands. Most peaty lowlands, for instance, are naturally fed with 
seepage or ground-water-like surface water, characterized by a low sulphate 
content, relatively high amounts of calcium, iron, bicarbonate and carbon-
dioxide (high acidity) whereas river Rhine water is poor in iron and alkaline 
with a relatively high chloride and sulphate content. Furthermore, in many 
peaty lowlands seepage has completely ceased resulting in a net drain of water 
to the lower areas. 
The effects of the inlet of river water on the development of aquatic macro-
phytes in peaty lowland ecosystems in the Netherlands have received much at-
tention (LEENTVAAR & MORZER BRUIJNS 1962, ROELOFS 1991, VAN WIRDUM 
1991, ROELOFS & SMOLDERS 1993). Former dominant species such as Strati-
otes abides L., various species of the genus Potamogetón such as P. compres-
sas L. and P. acutifolius LINK and species of the genera Chara and Nitella 
have almost completely disappeared whereas species such as Nymphaea alba 
L. and Nuphar lutea (L.) SM. and non rooting species such as Ceratophyllum 
demersum L. and Utricularia vulgaris L. have become dominant (ROELOFS 
1991, VAN WIRDUM 1991). Especially the strong decline of Stratiotes abides 
has received much attention as it originally was one of the most abundant spe-
cies in aquatic peaty lowlands in the Netherlands (SEGAL 1966, ROELOFS 
1991, VAN WIRDUM 1991). 
Nowadays the causes of the negative effects of river Rhine water are sub-
ject to debate. Some believe that eutrophication due to phosphorus and nitro-
gen input is still the major threat for peaty lowland ecosystems and that elimi-
nation of phosphate before inlet will considerably diminish the negative ef-
fects of the inlet of river water (KAL 1986, VAN LIERE 1986). Indeed, some 
lakes fed directly or indirectly by river Rhine water rich in phosphate can be-
come seriously eutrophicated as a result of the external phosphorus load. In 
many polder ditches in agricultural regions, direct eutrophication seems to be 
primarily caused by phosphate and nitrogen enrichment on a local scale as a 
result of fertilization and manuring of the surrounding fields and meadows and 
consequential leakage of nutrients to the polder ditches. Elimination of phos-
phate before inlet of river Rhine water will be of limited use in these regions 
because it does not influence the local agricultural sources of eutrophication. 
It was found, however, that shallow waters in large non-agricultural mire 
complexes fed with nutrient poor Rhine type water from the Ijsselmeer also 
become turbid and eutrophicated. Therefore, ROELOFS (1991) suggests that the 
inlet of alkaline sulphate enriched river water leads to enhanced sulphate re-
duction in the sediment resulting in sulphide accumulation and increased lev-
els of phosphorus and ammonium (internal eutrophication) in the water. He 
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suggests that, particularly in non-agricultural peaty lowland ecosystems, these 
processes play an important role in aquatic macrophyte decline. 
In this article we present the results of field work concerning the effects of 
river Rhine water on sediment processes and vegetation in aquatic minero-
trophic peatland ecosystems in non-agricultural environments in the Nether-
lands. Furthermore, the combined effects of the inlet of river Rhine water and 
the diminished input of iron due to decreased seepage will be discussed. 
Materials and methods 
Study sites 
Investigations were carried out in the large mire complex "De Weerribben" and in the 
peaty lowlands of "het Noorderpark" (Fig. 1). 
"De Weerribben" 
The mire complex "De Weerribben" is a large peatland area in the northwestern part of 
the province of Overijssel in which hundreds of waters have been formed as a result of 
the removal of peat in former centuries. To compensate for the drain off to the re-
claimed "Noordoost-polder", since about 1950 water from the IJsselmeer (fed by the 
river Rhine) is let into the mire system in summer (VAN WIRDUM 1991), (via a com-
plex of waterways connecting the IJsselmeer with the mire complex itself). 
"Noorderpark" 
The area of "het Noorderpark" is located north of the city of Utrecht. The area is char-
acterized by many ditches and shallow lakes partly fed by iron containing seepage. To 
compensate for the drain off to the nearby lowly situated Bethune polder, and due to 
water extraction and modern agricultural practises, in summer, large parts of the area 
receive river Rhine type water from the river Vecht. 
Field work 
Water typology 
To gain an impression of the impact of river Rhine water on the water typology in a 
typical Dutch peaty lowland ecosystem, water samples were collected on different lo-
cations along the river Rhine basin, the IJsselmeer, waterways between the IJsselmeer 
and the mire complex "De Weerribben", and in the mire complex "De Weerribben" it-
self. The locations are shown in Fig. 1. 
The water samples were transported to the laboratory where pH and alkalinity were 
determined within 8 hours after collection in the field. Next, the samples were passed 
through a Whatman GF/C filter, fixed with HgCl2 or a few grains of citric acid and 
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Fig. 1. The geographical positions of the locations where samples were taken. The fol­
lowing symbols indicate the locations where samples were collected. •: river Rhine 
samples, · : Ijsselmeer and Tjeukemeer samples, O: samples from waterways inter­
connecting Tjeukemeer and "de Weerribben", *: river Vecht sample, Δ: Molenpolder 
samples. Molenpolder (NOmp), A: Samples from the seepage receiving waters (NOI, 
N02) in "het Noorderpark". 
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stored at -20 °C until analysis Citnc acid was added to avoid precipitation of oxidized 
metals 
Soil processes 
To determine the influence of the inlet of river Rhine water on peaty shallow waters, 
water and interstitial soil water samples were taken in 10 nearby located shallow sur-
face waters in the Weerribben in August/September 1991 Five of the waters were in-
terconnected with a channel by which Rhine type water was let into the mire complex 
in dry periods The other waters were isolated and mainly fed by seepage and precipi-
tation Furthermore, on three locations samples were taken of the water which was let 
into the mire complex 
The water samples were treated as described above The sediment pore water sam-
ples were taken using ceramic cups which were installed in the upper 10 cm of the sed-
iment Pore water was sucked out by connecting the ceramic cups to vacuum serum 
bottles The pore water samples were treated the same way as the water samples, with 
the exception that the samples were not filtered In the field, subsamples of 11 ml were 
taken from the pore water samples These subsamples were fixed immediately with 
11 ml SAOB (sulphide anti oxidant buffer) and used for the detection of sulphide, by 
means of a type Orion 94-16A sulphide ion specific silver electrode (VAN GHHERDEN 
1984), in the laboratory 
Impact on vegetation 
In various shallow waters of the mire complex "de Weembben", and "het Noorder-
park" (Fig 1 ) water and sediment pore water samples were collected and treated as de-
scribed above On the same locations vegetation analyses were made by estimating the 
coverage of the abundant species in a square of 25 m2 
Chemical analyses 
Samples were analysed for calcium, magnesium, iron and manganese using an ïnduc-
tive-coupled-plasma emission spectrophotometer (ICP) The following were measured 
with a Technicon II autoanalyser ortho-phosphate according to HENRIKSEN (1965), ni-
trate according to KAMPHAKE et al (1967), ammonia according to GRASSHOU· & Jo-
HANSEN (1977), chloride according to O'BRIEN (1962) and sulphate according to 
Technicon Auto Analyzer Methodology (1981) 
Results 
Influence of river Rhine water on water typology in miresystem "de 
Weerribben" 
For the samples collected in the nver Rhine, the Ijsselmeer and Tjeukemeer, 
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Fig. 2. Plots of sodium (a), sulphate (b), potassium (c), magnesium (d), calcium (e), 
and bicarbonate (0 concentrations against the chloride concentration in samples col­
lected along the river Rhine •, Ijsselmeer · , waterways between Ijsselmeer and the 
mire complex "de Weerribben" О and in the mirecomplex "de Weerribben" itself D. 
Lines represent slopes obtained by linear regression analyses according to the REG 
procedure from SAS/STAT User's Guide, version 6, Fourth Edition, Volume2. 
ribben" itself, the concentrations of the various major ions have been plotted 
against the chloride concentration (Fig. 2). Chloride was chosen because it is 
assumed to be a stable ion which is not chemically transformed and/or ad­
sorbed and because in the region we studied chloride is assumed to be mainly 
derived from the river Rhine. The lines indicate slopes obtained by linear re­
gression analyses according to the REG procedure from SAS/STAT User's 
Guide, version 6, Fourth Edition, Volume 2. The figure shows that concentra­
tions of sodium, sulphate, potassium, magnesium, calcium and bicarbonate are 
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correlated with the chloride concentrations and that the concentrations are 
highest in river Rhine, Ijsselmeer and Tjeukemeer and gradually decrease in 
the samples taken between Tjeukemeer and "de Weerribben" and in "de Weer­
ribben" itself. The slopes obtained by linear regression analyses decrease more 
or less towards the origin with the exception of the lines in the calcium and bi­
carbonate plots. The incidents of the Y-axis with the slopes in the calcium and 
bicarbonate plots are 750 and 1500μΜ, respectively. It can be concluded from 
the data that water originating from the river Rhine is gradually diluted be­
tween the Ijsselmeer and "de Weerribben" with water containing calcium and 
bicarbonate in concentrations of approximately 750 and 1500цто1Г\ respec­
tively. 
Comparison between open and isolated surface waters in 
"de Weerribben" 
In the open surface waters of "de Weerribben" all ion concentrations in the 
water, except for manganese and iron, were 2.5 to 6 times higher compared to 
the isolated waters. pH is also much higher in the open water waters compared 
to the isolated ones. This clearly reflects the input of water from the inlet 
channel into the open waters. 
Comparison of the sediment pore water of the open and the isolated peat 
ditches reveals that concentrations of most ions are 2 to 4 times higher in the 
open waters. For sulphide, phosphorus and ammonium, however, concentra­
tions were respectively 5, 8 and 22 times higher in the open peat systems, 
while iron concentrations were 5.5 times lower. Furthermore pH was much 
lower and Eh much higher in the isolated waters compared to the open ones. 
Comparison of the concentrations in the water layer with the concentra­
tions in sediment pore water shows that bicarbonate, ammonium, phosphorus, 
sulphide, iron and manganese concentrations are much higher in the pore wa­
ter while the opposite goes for sulphate. The concentrations of the other ions 
do not differ very much between water and sediment. These trends apply to 
the open as well as to the isolated waters (Table 1). 
Correlations between iron and phosphorus and sulphide 
In Fig. 3 sulphide and phosphate concentrations are plotted against the iron 
concentration in the sediment pore water samples of different open shallow 
waters in "de Weerribben". These plots reveal that sulphide as well as 
phosphate concentrations appear to be negatively correlated with dissolved 
iron concentrations. Both phosphate and sulphide concentrations are strongly 
increased when dissolved iron concentrations become lower then 20-30 
μιτιοΙΓ1. 
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Table 1. Physico-chemical properties of the inlet water and the water and sediment 
pore water samples of five open and five isolated shallow waters in "de Weerribben" 
in the North-Western part of the province of Overijssel in the Netherlands. All concen­
trations except pH and Eh are given in μιτιοΙ-Γ1. Eh is given in mV. 
a Water 
Inlet 
sd (n = 3) 
Open 
%d(n = 5) 
Isolated 
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Interaction of river Rhine water with aquatic vegetations 
"Het Noorderpark" 
In Table 2 some physico-chemical parameters are given for the peaty lowland 
areas under investigation. In the "Noorderpark" region two shallow waters 
mainly fed by seepage water and only for a minor part with river Vecht water 
(originating from the river Rhine) (NOI and N02) are compared with a water 
which is mainly fed by river Vecht water (Nmp, Molenpolder). The chemical 
constellation of the "Molenpolder" water strongly resembles that of the river 
"Vecht" (Table 2). Further, the mean pore water concentrations of iron ap­
peared to be much lower in the Molenpolder than in the two other surface wa­
ters while the mean sulphide concentration reached high values. Table 3 
shows that in the Molenpolder no water plants occurred except for Nuphar 
lutea whereas in NP1 and NP2 water plants were abundant. 
"De Weerribben" 
In "De Weerribben" open waters with and without Stratiotes abides were 
compared. In the seventies these open waters were all dominated by Stratiotes 
aloides. Nowadays these waters are partially fed with water originating from 
the river Rhine. The effects of river Rhine water, however, appear to turn out 
differently. In the waters where Stratiotes aloides has disappeared, mean sedi­
ment pore water concentrations of iron are lower while mean sulphide and 
phosphorus concentrations are higher than in waters where Stratiotes is still 
abundant (Table 2). Table 3 shows that the waters without Stratiotes axe mainly 

































10 20 30 40 50 
ou 
25 























• ·  
• 
в 
— · · · — 10 20 30 
Fefomol.l"1) 
40 50 
Fig.3. Ortho-phosphate (A) and sulphide (В) concentrations are plotted against the 
dissolved iron concentrations in sediment pore water samples collected in a number of 
waters located in "de Weerribben". All waters were more or less influenced by river 
Rhine type of water. Concentrations are given in μηποί · l"1. 
Discussion 
The influence of river Rhine water on water typology in even relatively iso­
lated regions as "de Weerribben" is striking. Fig. 2 shows that water samples 
from the open surface waters in "de Weerribben" can be characterized as di­
luted river Rhine water. The relative enrichment by calcium bicarbonate seems 
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Table 2. Some important chemical properties of water and sediment pore water sam­
ples taken in two different peaty lowland areas in the Netherlands (see Fig 1) W indi­
cates samples taken in the water layer, S indicates sediment pore water samples taken 
in sediment All values (except for pH and Eh) are given in μπιοί 1 ' NP1 and NP2 
represent two seepage fed shallow waters in the Noorderpark in the province of 
Utrecht in the Netherlands with only marginal inlet of water from the nver Vecht 
(originating from the river Rhine) Nmp represents a shallow water in the Molenpolder 
with direct inlet of river Vecht water WRsl to WRs4 represent 4 open waters in the 
Weerribben where Stratiotes aloides was still present in 1991 WRwl to WRw4 

































































































































Table 3. Abundance of aquatic macrophytes at the different locations discnbed in Ta­
ble 2 Values represent percentage of coverage of the species in a square of ± 25 nr 









































+ = indicates coverjges less then 5 9r 
to indicate that dilution by ground water or ground water derived water plays 
an important role This is to be expected as "de Weembben" are naturally fed 
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by seepage water from higher grounds with calcium and bicarbonate as the 
dominant ions (VAN WIRDUM 1991). Another possible source of calcium and 
bicarbonate, however, could be the generation of calcium bicarbonate in the 
limed agricultural systems along the waterways interconnecting the Ijsselmeer 
with "de Weerribben". 
In Fig. 4 the relative contributions of the dominant anions and cations are 
plotted in triangle field diagrams according to BLOEMENDAAL & ROELOFS 
(1988). The diagrams clearly show the changed chemical composition of river 
Rhine water over the last century. In 1860 bicarbonate was the dominant anion 
as is still the case for most of the rivers in the world (CLARKE 1924). Nowa­
days, however, chloride has become the dominant anion in river Rhine water 
and also the sulphate level has increased considerably. The chemical composi­
tion of the surface water in "de Weerribben" appears to be greatly influenced 
by river Rhine water as in the triangle field diagram the samples taken in "de 
Weerribben" are all located in the neighbourhood of the 1991 Rhine sample. 
They can be classified as a mixed chloride/bicarbonate type of water relatively 
rich in sulphate. Other minerotrophic peaty lowlands in Europe, however, are 
clearly characterized by a bicarbonate type of water (Fig. 4). 
As phosphate levels in the inlet water are low, external phosphate enrich­
ment does not seem to play an important role in "de Weerribben". Further­
more, the input of phosphate due to local agricultural activities is low. Never­
theless characteristic vegetations have declined considerably over the last dec­
ades. Therefore, the hypothesis that the alkaline nature and the relatively high 
sulphate concentration are responsible for the negative effects of river Rhine 
type water in non-agricultural aquatic peaty ecosystems (ROELOFS 1991) de­
serves more attention. 
BROCK et al. (1985) and Κοκ & VAN DE LAAR (1991) showed that acids 
produced by decomposition processes decrease the internal pH and thus the 
microbial activity in organic particles. In this way a negative feedback delays 
the breakdown of organic matter in relatively poorly buffered systems. Addi­
tion of alkaline water (high pH value and rich in bicarbonate), however, neu­
tralizes the internal acidification in organic particles and thus enhances or­
ganic matter breakdown (Κοκ & VAN DE LAAR 1991). Furthermore, sulphate 
reduction and consequential fixation of reduced sulphur components (KILHAM 
1982, BAKER et al. 1986, ROELOFS 1991) as well as denitrification of nitrate 
(KELLY et al, 1982, RUDD et al. 1986) will lead to an additional production of 
bicarbonate in the sediment. The differences between the water and pore water 
concentrations of sulphate (Table 1) show that, especially in the open peat 
ditches, sulphate reduction rates are considerable. The internal alkalinisation 
resulting from these processes is illustrated by the corresponding increase of 
the bicarbonate concentration in sediment pore water compared to surface wa­
ter. Organic matter breakdown and sulphate reduction are natural processes in 
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Fig. 4. 
aquatic ecosystems and are important for nutrient availability. The extremely 
high levels of ammonium and phosphate in sediment pore water of the open 
surface waters, however, seem to reflect a highly increased decomposition rate 
probably caused by an increased buffering capacity. 
MITCHELL et al. (1981) and NRIAGU & SOON (1985) showed that up to 
more than 80 % of reduced sulphur in lake sediments can be bound organ­
ically. This can occur with as well as without the intermediate formation of 
H2S. Additionally reduced sulphur can be bound inorganically by the forma­
tion of FeS and FeS2 (COOK 1981, GIBLIN et al. 1991). Thermodynamic calcu­
lations, for instance, show that only small amounts of sulphide will accumu­
late as long as soluble Fe(II) is available (YOSHIDA & TADANO 1978). Gener­
ally, soluble Fe(II) concentrations are low in peaty sediments. This suggests 
that Fe would soon become limiting when sulphate reduction rates increase. It 
should be considered, however, that only part of the iron is available as dis­
solved iron whereas the bulk is present as slightly soluble compounds such as 
FeOOH and Fe-phosphorus precipitations. Furthermore, under natural condi­
tions, most aquatic peaty lowlands are (at least partially) fed by iron contain­
ing seepage resulting in a continuous input of iron into the system. 
Adsorption to FeOOH precipitations (PATRICK & KHALID 1974, BOSTRÖM 
1982) and humic-iron-phosphate complexes (BOSTROM 1982), and precipita-
tion of FeP04 (PATRICK et al. 1973) and Fe3(P04)2 (BOSTROM 1982) are well 
known to limit the Ρ availability in sediments (BOSTRÖM 1982, STAUFER 
1985). A decrease of the redox potential due to sulphate reduction and precipi-
to-
Na++K+ 
Fig. 4. Relative amounts of the major anions (a) and cations (b) for different surface 
waters in Europe plotted in a triangle diagram. The plots illustrate the influence of 
river Rhine water on the chemical composition of the surface waters in the mine-
rotrophic peatland "de Weerribben" in the Netherlands. О represents river Rhine water 
in 1860 (Anonymous 1870) and the autumn of 1991. V represents some extensive mi-
nerotrophic peatlands in Europe (VAN WIRDUM 1989), * represents the mean of the 
rivers of the world (CLARKB 1924), and · represents the mean value of samples col­
lected in the Wcerribben between 1960 and 1969. The smaller dots represent samples 
collected in "de Weerribben" in the autumn of 1991. 
tation of dissolved Fe(II) by sulphide will enhance the reduction and solubili-
sation of these compounds resulting in a continuous liberation of Fe(II) in the 
sediment. When these insoluble iron containing compounds become more and 
more reduced, Fe(II) liberation as well as the availability of adsorption sites 
for phosphate will gradually decrease. As a result dissolved iron concentra­
tions will decrease while phosphate and sulphide concentrations tend to in­
crease. As sulphide is known to reduce Fe(lII) compounds sulphide accumula­
tion will even further increase Ρ mobilisation (BOSTROM 1982). Furthermore, 
the enhanced breakdown of organic matter due to bicarbonate buffering under 
alkaline conditions will lead to an increased mobilisation of Ρ and hence fur­
ther enhances saturation of the remaining adsorption sites and the dissolution 
of phosphate in sediment pore water. 
Fig. 3 is derived from data collected in open surface waters in "de Weer-
ribben" and thus shows the differences in sediment pore water levels of sul­
phide and phosphate on a local scale. Apparently these differences are influ-
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enced importantly by iron availability as phosphate mobilisation and sulphide 
accumulation are enhanced when dissolved Fe concentrations become lower 
than 20 to ЗОцтоІІ - 1 . Iron exhaustion is known from other regions too. Gm-
LIN et al. (1990), for instance, conclude that iron has become limiting for the 
burial of sulphide, in some lakes in the region of New England. In general crit­
ical Fe levels will be reached when Fe reduction rates, Fe input by seepage 
and water inlet and organic fixation of sulphide are insufficient to keep up 
with the rate of sulphide production in the sediment. 
Due to the general decrease of ground water levels in the Netherlands see­
page has diminished strongly or even disappeared in many places. In combina­
tion with the inlet of alkaline, sulphate enriched river water poor in iron, this 
can lead to a gradual exhaustion of dissolved iron in sediments. Differences in 
iron input or iron availability can also explain the differences between open 
surface waters with and without Stratiotes abides in "de Weerribben". Al­
though in all of the open waters alkaline river Rhine water is let in, differences 
occur in phosphate and sulphide accumulation and in the presence of Stra­
tiotes aloides. As is shown in Table 2, these differences can all be explained by 
differences in iron availability. SMOLDERS & ROELOFS (1993) compared 
healthy and declining populations of Stratiotes aloides. The results revealed 
that the plants of the declining stands were severely iron deficient. Iron levels 
in these plants amounted to a mean of 0.1 μ π ι ο ^ " 1 DW in young leaves and 
0.2 and 2.2μπιο^" 1 DW in middle aged and old leaves. Iron levels in plants 
from healthy stands amounted to a mean of 4.0 , 6.1 and Π . δ μ π ι ο ^ - 1 DW in 
young, middle aged and old leaves respectively. In the declining vegetations 
iron levels in sediment pore water were lower than 20 μπιοΐ/ΐ. Given that in 
this study iron levels were well below 20 μπιοΐ/ΐ in the waters without Stra­
tiotes iron limitation and concommitant sulphide toxicity could very well have 
been responsible for the disappearance of Stratiotes aloides in these locations. 
ROELOFS (1991) and SMOLDERS (unpublished results) showed that sulphide 
concentrations as low as ΙΟμιηοΙΓ1 are already toxic for species such as 
Stratiotes aloides and Potamogetón compressus. 
The increased production of gasses such as CH4, N2, CO2 and H2S leads to 
an increased (bio)turbation and consequential increased turbidity and wors-
ened light conditions (ROELOFS 1991). Furthermore, this increased turbity will 
lead to increased nutrient release from the sediment (ROELOFS 1991), whereas 
phosphate release will also be enhanced by the disturbance of the iron cycle 
resulting from decreased iron concentrations in sediment pore water (CURTIS 
1989). As a result growth of epiphytic algae will be enhanced resulting in a 
decreased vitality of macrophyte species (PHILLIPS et al. 1978). 
It can be concluded that aquatic peaty lowland ecosystems in the Nether-
lands are considerably influenced by water originating from the river Rhine. In 
general the inlet of alkaline sulphate enriched water (such as river Rhine wa-
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ter) will have disastrous effects on aquatic peaty ecosystems with relatively 
low input of iron. The resulting accumulation of toxic compounds (such as 
sulphide), worsened light conditions and internal eutrophication will nega­
tively influence the vitality of many rooting aquatic macrophytes. It is not 
likely that dephosphatation before inlet of alkaline sulphate enriched water 
will prevent eutrophication and deterioration of these systems as internal 
eutrophication, internal intoxication and iron limitation in the anaerobic peaty 
sediments will continue. 
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Possible causes for the decline of the water soldier 
(Stratiotes a/oides L.) in The Netherlands. 




Forty-five locations in peaty lowland areas where Stratiotes a/oides L. was 
studied in Augustus/September 1980, were studied again in February and 
August/September 1992. Water and sediment pore water samples were collec-
ted and vegetation surveys were made. Furthermore, nutrient analyses were 
made of differently aged tissues of plants collected in 1992. 
Stratiotes had disappeared from 24 of the 45 locations. Analyses revealed 
that this decline could most probably be attributed to changes in the hydro-
logical conditions. As a result of modern agricultural practice ground water 
levels are generally lowered, especially in summer. To prevent the peat from 
drying out sulphate enriched alkaline water is let in. Sulphate reduction and 
concomitant iron sulphide precipitation, as well as decreased iron inputs due to 
decreased ground water influence appear to result in decreased iron levels and 
increased sulphide levels in sediment pore water. As a result plants appears to 
become iron deficient while roots die due to sulphide toxification. Furthermore, 
phosphate levels in the water layer are increased. Sixteen of the locations 
where Stratiotes had disappeared since 1980 were dominated by non-rooted 
species that covered almost the entire water surface. In five of the locations 
where Stratiotes was still present, non-rooted species had become co -
dominant and appeared to overgrow the Stratiotes stands. Finally, ammonium 
levels had strongly increased in most of the locations where Stratiotes a/oides 
had disappeared. 
We, suggest a multiple environmental stress hypothesis including light com-
petition by non-rooted species, iron limitation, sulphide toxicity and ammonium 
toxicity as possible causes for the decline of Stratiotes in the Netherlands, at 
least in the last decade. 
Key words: Stratiotes a/oides, iron limitation, eutrophication, sulphide toxi-
city, ammonium toxicity. 
Introduction 
Originally, the water soldier {Stratiotes a/oides L.) was one of the most 
abundant species in large parts of the peaty lowlands in the Netherlands (de 
Vries, 1872, Weeda et al., 1991). During the forties and the fifties, Stratiotes 
a/oides even extended its range; taking the place of the Typha /at/fo/ia L beds 
that had disappeared due to inundation during the second world war (van Wir-
dum, 1979). Since the sixties, however, Stratiotes has shown a general decline 
(Weeda et al., 1991) and has almost completely disappeared from the peaty 
lakes, where it originally occupied vast spaces in the more sheltered areas. At 
present, Stratiotes can still be found in ditches with peaty sediments although 
it has strongly declined in these ditches as well. Several possible causes have 
been mentioned for the strong decline of Stratiotes a/oides in the Nether-
lands. 
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Eutrophication of the surface waters could be one of the causes for the 
general decline of Stratiotes. As a result of agricultural and industrial activities, 
the use of phosphated detergents and the discharge of effluent from waste 
water treatment plants on the one hand (van Viersen et al., 1986; Den Hartog, 
1989), and internal eutrophication (Roelofs, 1991, Smolders and Roelofs, 1993) 
on the other, phosphate and nitrogen levels have increased in many aquatic 
ecosystems over recent decades. As a result, species that do not root in the 
sediment, such as Lemna spec, Azo/ia fi/icuioides Lamk., Ceratophyf/um 
demersum L. and filamentous algae, have become dominant in many polder 
ditches (Bloemendaal en Roelofs, 1988). 
Roelofs (1991) suggests the changed hydrological situation as a reason for 
the general decline of many rooted macrophytes. Indeed the hydrological 
situation has changed importantly in many peaty lowlands. Most waters in 
these areas were originally fed by ground water characterized by relatively high 
carbon dioxide levels and containing low amounts of sulphate and relatively 
high amounts of calcium, bicarbonate and iron. Nowadays, ground-water levels 
are generally lowered with alkaline, sulphate-enriched river water being allowed 
in so as to compensate for those water losses and to prevent the peat from 
drying out (Roelofs, 1991). 
Additonally on many decaying leaves of the water soldier, the fungus 
Fusarium roseum has been found (Weeda et al., 1991). Although an isolate 
from the Netherlands has been found to cause a disease in Hydriffa vertici/iata 
(L. fil.) Royle, a species of the same family (Hydrocharitaceae, Charudattan and 
Mc Kinney, 1978), no evidence has been found to suggest a role for this 
fungus in the strong decline of the water soldier (Weeda et al., 1991). It seems 
more plausible that the fungus is merely involved in the decay of dead leaves 
or is only harmful when plants have already been weakened by other environ-
mental stresses. 
Other explanations that have been proposed are the lack of generative pro-
pagation in most of the range of Stratiotes, the increased disturbance by motor 
boat recreation, increased salinity and intoxication by herbicides, pesticides, 
etc. (Westhoff et al. 1971). However, the water soldier has also disappeared in 
recent, decades in many locations where these possible causes do not apply, 
In order to gain insights into the extent and the possible causes of the 
decline of Stratiotes aloides in the Netherlands over the last decade, vegetation 
surveys and chemical analyses were made in 45 locations in 1980 and 1992. In 
all locations Stratiotes a/oides was abundant in 1980. Most of these locations 




The geographical position of the 45 locations studied in the winter and 
summer of 1980 and 1992. On all locations Stratiotes a/o/des L. was present in 
1980. In 1992 Stratiotes a/oides had disappeared from 24 of the 45 locations. 
The codes represent the group to which the locations were assigned. 1 = 
Locations in which vital Stratiotes a/o/des plants were present in 1992; 2 = 
Locations in which mainly chlorotic Stratiotes a/oides plants were present in 
1992; 3 - Locations in which Stratiotes a/oides was not encountered in І992 
and where non-rooted species where dominant; 4 = Locations in which 
Stratiotes a/o/deswas not encountered in 1992 and where non-rooted had not 
become dominant. 
- 4 1 -
Materials and methods 
In the winter and summer of 1980 water samples were collected and vege-
tation surveys were carried out in 45 locations with (sub-)dominant Stratiotes 
a/oides L·. (fig 1). In the winter (February) and late summer (August/September) 
of 1992, these locations were studied again and water and sediment pore 
water samples were collected. Furthermore, a vegetation survey was made in 
summer. In each location the abundance of all plant species was scored 
according to a modified Tansley scale by the same person, and in the same 
way, as in the summer of 1980. In September 1992, in each location where 
Stratiotes a/oides was found, representative plants were collected for nutrient 
analyses. 
Sediment pore water samples were taken in the upper 10 cm by means of 
porous cups connected to a vacuum infusive flask with an air-tight tube 
(Smolders and Roelofs, 1993). From these samples, subsamples of 10.5 ml 
were taken and fixed immediately with 10.5 ml Sulphide Anti-Oxidant Buffer 
(SAOB). These samples were analysed for sulphide within 8 hours of collection 
by means of a type Orion 94-16A sulphide ion specific silver electrode (van 
Gemerden, 1984; Roelofs 1991). 
In the laboratory, the pH and alkalinity of the samples was determined as 
described by Roelofs (1991) within 8 hours of collection. The water samples 
were passed through a Whatman GF/C filter. Subsamples from the sediment 
pore water and the filtered water samples were fixed with HgCI2, or citric acid, 
and stored at -20°C until analysis. 
Nutrient analysis 
Leaves were carefully washed in demineralized water, dried, and digested 
with sulphuric acid and peroxide acccording to the method of Van Dijk and 
Roelofs (1988). Leaves of different ages were analysed separately; only vital 
leaf tissue was sampled. Concentrations of the destruates were determined as 
described under the heading "chemical analyses". 
Table 1 
Floral composition of the locations in 1992 and 1980 (between brackets). 
Floral composition was estimated in a square of + 25 nrr2. The numbers signify 
the numbers of locations of the different groups where the species was scat-
tered (A) or dominant/locally dominant (B). I « Vital Stratiotes a/oides stands; II 
- Non-vital Stratiotes a/oides stands; III - Locations dominated by non-rooted 




Lemna minori. /giuba L 
Spurodela polyrhizafy ) Schleiden 
Azolla /iliculbides Lamb 
Ceratophyllum demersum L 
Lemna trisulca L 
Filamentous algaas 
Booted species 
Strato tes aloides L 
Hydrochans morsus-ranae L 
Nupharlutea (L) Sm 
Nymphaea alúa L 
Alympnoides pe/tata (Gmel ) 0 Kuntze 
Elodea nuttallu (Planchón) St John 
elodea canadensis Michaux 
Chara g/obulans7huú\ 
Hottonia palustris L 
Mynopfiyllum alterniflorum DC 
Mynophyllum spicatum L 
Mynopfiyllum verticillatum L 
Potamogetón acutifolius L 
Potamogetón alpinus Balbis 
Potamogetón compressas L 
Potamogetón crispas L· 
Groenlandia densa (L ) Fourr 
Potamogetón lucens L 
Potamogetón natans L 
Potamogetón obtusifoliusMert & Koch 
Potamogetón praelongus Wulf 
Potamogetón tnchoides Cham & Schld 
Ranunculus arcinatus Sibth 
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Samples were analysed for calcium, magnesium, iron and manganese on an 
inductive-coupled-plasma emission spectrophotometer (ICP). The following 
chemical species were measured with a Technicon II autoanalyser: ortho-
phosphate according to Hendriksen (1965), nitrate according to Kamphake et 
al. (1967); ammonium according to Grasshoff and Johannsen (1977), chloride 
according to O'Brien (1962) and sulphate according to Technicon Auto Analy-
zer Methodology (1981). Ammonium and nitrate in the water and sediment 
pore water samples were determined in HgCI2-fixed subsamples, the other 
elements in the subsamples that had been fixed with citric acid. 
Results 
Vegetation survey and analysis 
Fig. 1 shows the geographical position of the studied Stratiotes a/oides 
stands. In 24 of the 45 locations Stratiotes had disappeared since 1980. This 
decline seems to occur over the entire Netherlands with the exception of the 
areas of Giethoorn and Tienhoven (fig 1). In these regions, Stratiotes appeared 
to be still very abundant since it was present in most of the revisited loca-
tions, in 1992. 
Seventeen of the 21 Stratiotes stands encountered in 1992 were healthy with 
well developed roots and dark green leaves (filled circles in Fig. 1). Brown 
necrotic patches were mostly restricted to the leaf tips and the oldest leaves . 
The four other stands (open circles in Fig. 1) were in rather pore condition 
with many of the older and intermediately-aged leaves showing severe necro-
sis over sometimes more than half the length of the leaves. Next, the younger 
and many of the intermediately aged leaves were chlorotic. Furthermore, many 
of the roots penetrating into the sediment were soft and blackened or had 
completely rotted away. Some of the plants, were even floating upside down 
while the roots had totally decayed. 
In 16 of the 24 locations where Stratiotes a/oides had disappeared, non-
rooted species had become dominant (filled triangles in Fig. 1), In the 
remaining eight locations where Stratiotes had disappeared , non-rooted spe-
cies had not become dominant (open triangles in Fig 1). 
Table 1 clearly shows the increased dominance of the non-rooted species 
since 1980. In many of the stands where Stratiotes was absent in 1992 and 
where non-rooted species had become dominant, non-rooted species had 
occurred in only insignificant numbers in 1980. Furthermore, most of the roo-
ted species had declined with the exception of E/odea nutta/iii (Planchón) St. 
John, E/odea canadensis Michaux and the nymphaeids Nuphar /utea (L) Sm. 
and Nymphaea a/ba L. This decline was most noticeable in the stands where 
non-rooted species had become dominant. In six of the locations where Stra-
tiotes had disappeared, but where non-rooted species did not take over, E/o-
dea nutta//iio\ E/odea canadensis had become dominant. 
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Table 2 
Mean chemical composition of differently aged leaves, and turions and off­
sets of Stratiotes aloides plants collected in the 21 locations where Stratiotes 
aloides was still present in 1992. Healthy (n=17) and non healthy (n=4) plants 
are grouped. Asterisks indicate the level of significance of the differences bet­
ween the two groups according to the Wilcoxon 2-sample test (normal 
approximation). ** ρ < 0.01; *** ρ < 0.001; 25% and 75 % quartiles are given 


































































































































































































Nutrient analyses on the different parts of the Stratiotes plants (table 2) 
revealed that only the iron levels differed significantly between the healthy and 
the non-healthy stands. In the younger and intermediately-aged leaves of the 
non-vital chlorotic plants, iron levels were lower than 0.2 micromol.g-1 DW (dry 
weight). Furthermore, nitrogen, phosphorus, and potassium levels were highest 
in the younger leaves and decreased in the intermediately-aged and older 
leaves. The opposite holded true for iron, manganese, sodium and calcium. 
Levels of the elements in the turions and offsets were lower than in the leaves 
with the exception of the nitrogen and phosphorus concentrations which were 
much higher in the turions and offsets (table 2). 
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Table 3 
Pearson correlation coefficients between some nutrient levels in differently 
aged leaves and turions and off-shoots and concentrations of some nutrients 
in the water layer and sediment pore water, for the 21 locations where Stra-
tiotes aleudes was encountered in 1992. t=turions and offsets; y = Young 
leaves; m = intermediately-aged leaves; о - old leaves. Significance according 






















































m 0.49 * 
О 0.19 
Iron levels in the turions and offsets, as well as in young, intermediately-
aged and old leaves, were positively correlated with the iron and manganese 
and negatively correlated with the sulphide concentrations of the sediment 
pore water (table 3). Manganese levels in the leaves were correlated with 
manganese levels in sediment pore water. Phosphorus levels in the different 
parts of the plant were positively correlated with phosphate levels in sediment 
pore water. Phosphorus levels in young and middle-aged leaves were also 
positively correlated with phosphate levels in the water layer. No significant 
correlations with nutrient concentrations in water or sediment pore water were 
detected for other nutrients in the plants. 
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Table 4 
Mean chemical composition of the water layer in the summer (August/Sep­
tember) of 1980 and 1992 for the four groups distinguished in this study. 1 = 
Vital Stratiotes a/oides stands; 2 - Non-vital Stratiotes a/oides stands; 3 = 
Locations dominated by non-rooted species; 4 = Locations without Stratiotes 
a/oides and without dominance of non-rooted species. 25 and 75 quartiles 


































































































































































































































































Chemical analysis of the water layer 
Magnesium, sodium, chloride, sulphate, and calcium levels were (mostly) 
significantly higher in the group of waters with chlorotic Stratiotes plants and 
the group of waters without Stratiotes but dominated by non-rooted plants 
than in the other groups (table 4 and 5). Many of these differences existed 
already in 1980 and have not changed much over the following 12 years. The 
mean bicarbonate level was, in 1980 as well as in 1992, significantly higher in 
the group of waters dominated by non-rooted species than in the other 
groups. 
Mean ammonium and nitrate levels were generally higher in winter than in 
summer. In 1980, mean winter ammonium levels varied between 25 and 113 
micromol.l-1 (data not shown) between the different groups, while the mean 
summer, levels varied between 3.4 and 19 micromol.l-1 (table 4). In the sum­
mer of 1992, however, in the groups of waters without Stratiotes a/o/'des 
ammonium levels were almost as high as in winter; whereas the groups with 
-49-
Table 5 
Levels of significance for the differences in chemical composition of the 
water samples collected in the summer of 1980 and 1992 between the four 
groups of locations. Significance according to the Wilcoxon 2-way test (normal 
approximation). 1 - Locations with vital Stratiotes aloides stands; 2 = Locations 
with non-vital Stratiotes aloides stands; 3 = Locations without Stratiotes a/oides 
and with a dominance of non-rooted plants; 4 » Locations without Stratiotes 
aloides ana without a dominance of non-rooted plants. (*), Ρ < 0.1; *, Ρ < 
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Table 6 
Mean chemical composition of the sediment pore water in winter (February) 
and summer (August/September) of 1992 of the four groups of locations. Win-
ter and summer values are only given as they are significantly different. 1 = 
Vital Stratiotes a/oides stands; 2 - Non-vital Stratiotes a/oides stands; 3 -
Locations dominated by non-rooted species; 4 = Locations without Stratiotes 
a/oides and without dominance of non-rooted species. 25 and 75 quartiles 




















































































































































Mn  27.5 
(13-28.6) (7.2-15) (7.4-16.2) (10.2-43.9) 
Table 7 
Levels of significance for the differences in chemical composition of the 
sediment pore water samples collected in the summer and winter of 1992 bet­
ween the four groups of locations. Significance according to the Wilcoxon 2-
way test (normal approximation). 1 - Locations with vital Stratiotes aloides 
stands; 2 = Locations with non-vital Stratiotes aloides stands; 3 = Locations 
without Stratiotes aloides and with a dominance of non-rooted plants; 4 = 
Locations without Stratiotes aloides and without a dominance of non-rooted 
plants. (*), Ρ < 0.1; *, Ρ < 0.05; **, Ρ < 0.01; *** Ρ < 0.001. 
Sediment Wilcoxon test 1-2 1-3 1-4 2-3 2-4 3-4 
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vital or non-vital Stratiotes plants showed the same seasonal differences as in 
1980. Approximately the same pattern was found for nitrate. In 1980, phosphate 
levels were higher in winter than in summer in all groups. In the summer of 
1992, phosphate levels in the water layer were very high in the waters with 
non-vital Stratiotes plants and in waters dominated by non-rooted species. 
The summer levels in the two other groups were comparable to the levels in 
1980. 
Chemical analysis of sediment pore water 
Mean magnesium, sodium, chloride, sulphate and bicarbonate levels were 
significantly higher in the group of locations with non-vital Stratiotes plants, 
and those locations dominated by non-rooted species than in the other groups 
(tables 6 and 7). 
Mean phosphate and sulphide levels were higher for the group of waters 
dominated by non-rooted species, and the groups of waters with non-vital 
Stratiotes stands, than in the other groups. Mean phosphate level was highest 
in the group of waters without Stratiotes and with a dominance of non-rooted 
species, while the mean sulphide concentration was highest for the groups of 
waters with a non-vital Stratiotes vegetation. The mean iron level was very' low 
for the group with non-vital Stratiotes plants. It was also significantly lower in 
the groups with a dominance of non-rooted species than in groups with vital 
Stratiotes stands and also in the group without Stratiotes but without a 
dominance of non-rooted species. The mean ammonium level was somewhat 
higher for the group of waters with a dominance of non-rooted species than 
for the group with vital Stratiotes stands, but was highest for the group with 
non-vital Stratiotes stands. Furthermore, in all groups, mean sulphate levels 
were 2 to 5 times higher in winter than in summer, while sulphide levels ten­
ded to be higher in summer than in winter. Regrettably, no sediment pore 
water samples were collected in 1980. 
In sediment pore water, sulphide levels were negatively correlated with iron 
and manganese concentrations (table 8). 
Table 8 
Pearson correlation coefficients between sulphide and iron and manganese 
levels in sediment pore water in 1992 for the 45 locations studied. Significance 
according to Pearson: *, Ρ < 0.05; **, P< 0.01; ***, Ρ < 0.001. 
Summer Winter 
Iron Manganese Iron Manganese 
Sulphide -0.73 -0.62 -0.69 -0.45 
*** *** *** ** 
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Discussion 
Today, most peaty lowland ecosystems in the Netherlands are strongly in -
fluenced by water originating from the river Rhine (Koerselman and Verhoeven, 
1989; van Wirdum, 1989; Roelofs, 1991; Smolders and Roelofs, 1995). The 
extent of the influence of river water, however, varies between different peaty 
areas. Most of the locations where Stratiotes was still present in 1992 are con-
centrated in the regions of Giethoorn and Tienhoven (fig 1). These regions are 
still fed by seepage characterized by relatively high carbon dioxide levels, high 
iron levels and (very) low sulphate levels (Roelofs, 1991). Concentrations of 
most of the ions were much higher in the locations where Stratiotes stands 
were in a bad condition, or had been replaced by non-rooted species than in 
surface waters in undisturbed peaty lowlands. The water layer of the former 
locations also had much higher nutrient levels. Therefore, our results support 
the suggestion of Roelofs (1991) that the decline of Stratiotes a/oides is 
strongly influenced by decreased seepage and the concomitant inlet of river 
water, 
Apart from external eutrophication, due to manuring of surrounding fields, 
increased phosphate concentrations in the water layer may also result from 
internal eutrophication processes (Roelofs, 1991; Smolders and Roelofs, 
1993). Roelofs (1991) and Smolders and Roelofs (1993), showed that increased 
sulphate levels in the water layer and concomitant sulphate reduction in sedi-
ments can lead to iron exhaustion due to iron sulphide precipitation. This 
results in an increased mobility of phosphate in the sediment (Smolders and 
Roelofs, 1993). Furthermore, sulphate reduction leads to an internal alkalinisa-
tion of the sediments which increases the mineralisation of organic particles in 
the peaty sediment, and hence, raises nutrient levels in sediment pore water 
(Kok and van de Laar, 1990; Roelofs, 1991). 
Apart from increasing the nutrient availability in the sediments, iron exhaus-
tion and internal alkalinisation also lead to enhanced nutrient release from the 
anaerobic sediment (Roelofs, 1991; Smolders and Roelofs, 1993). Iron exhaus-
tion disturbs the iron cycle between the sediment and the water layer (Baccini, 
1995; Curtis, 1989) resulting in an increased release of phosphate from the 
sediment. Increased mineralisation leads to the softening of the organic sedi-
ment due to the production of gases such as nitrogen, hydrogen sulphide, 
carbon dioxide, methane, etc. Anaerobic or hypoxic conditions in the water 
layer due to floating layers of non-rooted species, will further increase nutrient 
release from the sediment. 
The strong increase in the abundance of E/odea nuttai/ii and E/odea cana-
densis in some of the investigated stands since 1980 indicates increased 
nutrient levels in the water layer. Observations in artificial ponds reveal that 
E/odea and Myriophy/ium species are able to completely overgrow a submer-
ged vegetation of Stratiotes a/oides within a few months time. As a result, 
many plants of Stratiotes a/oides have problems in reaching the water surface 
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(personal observation). In six locations where Stratiotes has disappeared, Elo-
dea species have become dominant and so may have played a role in the 
decline of the Water Soldier. 
Algae are often found to be absent from the rosettes of Stratiotes a/oides 
due to allelopathy (Bloemendaal and Roelofs, 1988) and/or nutrient limitation 
resulting from excessive nutrient uptake by the Stratiotes leaves (Brammer, 
1979). We, however, observed that non-rooted species such as Lemna spe-
cies, Azolla filiculoides, and filamentous algae, do become dominant between, 
as well as within the rosettes of Stratiotes when water becomes strongly 
nutrient enriched. Filamentous algae are frequently found to produce thick 
floating mats long before the Stratiotes stands become floating. It has also 
been observed that Stratiotes stands become gradually overgrown by filament-
ous algae. In those cases, Stratiotes plants in the algal blanket are found gra-
dually decaying starting from the outer leaves and proceeding towards the 
centre of the rosette. The brown, rotten leaves fill up with water so increasing 
the specific gravity of the plant. Finally, the plants sink beneath the blanket and 
die. In 16 of the 24 locations where Stratiotes has disappeared since 1980 and 
in four of the locations where Stratiotes was still abundant, non-rooted spe-
cies had become dominant and covered large parts of the water surface in 
1992. Excess development of non-rooted species owing to eutrophication of 
the water layer is probably an important cause for the decline of Stratiotes 
aloides. 
Sulphide concentrations tend to increase when iron levels become very low 
(table 8, Ponnamperuma, 1972; Yoshida and Tadano, 1978; Smolders and 
Roelofs, 1993). In the locations where iron levels in sediment pore water were 
low, sulphide levels in sediment pore water always increased to values higher 
then 10 micromol.h1. Prolonged exposure of Stratiotes roots to sulphide levels 
of 10 micromol.h1 strongly reduces the survival of the roots (chapter 6). Sul-
phide appears to be particularly harmful in winter and spring when the plants 
sink to the bottom (Roelofs, 1991; personal observations). During this period, 
the vulnerable heart of the plant sinks into the anaerobic sediment and 
becomes exposed to toxic concentrations of sulphide. 
In the four declining chlorotic Stratiotes stands, iron levels in the sediment 
pore water were lower than 20 micromol.h1. As other nutrient concentrations 
did not differ significantly from those in the healthy plants, the yellowish colour 
of the leaves can be attributed to the very low iron levels in the shoots. Iron 
deficiency and concomitant growth reduction were also observed in Nym-
phoides peltata (Smolders et al., 1994). In 10 of the 24 locations where Stra-
tiotes has disappeared, iron limitation could have played a role because iron 
levels in sediment pore water were below 20 micromol.h1. Iron limitation will 
result both from decreased iron availability in the sediment and from decreased 
root biomass due to sulphide toxicity. 
In many locations where Stratiotes has disappeared, summertime 
ammonium levels in the water layer have strongly increased since 1980. 
Ammonium input from agricultural sources and increased release from the 
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Figure 2 
A multiple environmental stress hypothesis explaining the decline of Stra-
tiotes aioides in the Netherlands over the last decade. The shaded boxes in-
dicate stresses that either separately, or in combination, can be responsible for 






sediments are probably responsible. Furthermore, in many of these locations 
non-rooted species have become dominant leading to anaerobic conditions in 
the water layer, and hence, to a decreased nitrification. Roelofs (1991) showed 
that an increase of the ammonium level from 10 to 50 micromol.M leads to a 
strong decrease in the vitality of Stratiotes a/oides. In most of the stands where 
Stratiotes was still present, NH4 levels did not exceed values of 10 micro-
mol.M. However, on 15 of the 24 locations where Stratiotes has disappeared 
ammonium levels in the water layer were higher than 30 micromol.M. On 8 of 
these locations, ammonium levels also exceeded values of 50 micromol.M. 
This indicates that ammonium toxicity may play a significant role in the decline 
of Stratiotes a/oides. 
In conclusion, we propose the next hypothesis for the decline of Stratiotes 
a/oides in peaty lowland ditches in the Netherlands. Agricultural land-use has 
changed strongly during recent decades. Increased drainage, resulting in 
decreased ground water levels, diminishes the influence of ground water and 
makes it necessary to let in alkaline, sulphate enriched river water. The resul-
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tant change in the hydro-ecological situation can result in iron limitation, sul­
phide toxicity, a strong increase of non-rooted species due to internal and 
external eutrophication, and ammonium toxicity. These stresses can occur 
separately, or in combination (multiple stress) and may result in a strong 
decrease in vitality of Stratiotes afoides and ultimately to its disappearance. 
This multiple environmental stress hypothesis for the decline of Stratiotes 
a/oides is elaborated in figure 2. 
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CHAPTER 4 
Prevention of sulphide toxicity and phosphate mobilisation 
by the addition of iron(ll) chloride to a reduced sediment; 
An enclosure experiment. 




In an enclosure experiment, carried out in a ditch receiving sulphate enri­
ched seepage water, iron(ll) chloride was added to the sediment. In the sedi­
ment pore water of the iron-treated enclosures, sulphide levels decreased to 
very low values (<1 micromol.M) immediately after the iron addition, while in 
the control enclosures sulphide reached values up to 500 micromol.l-1. 
The sulphide levels in sediment pore water were also strongly correlated 
with temperature. In summer, phosphate mobilisation was observed in sedi­
ment of the the non-treated enclosures, while in the iron-treated enclosures, 
phosphate levels in sediment pore water remained low. 
Total Ρ levels increased greatly in the water layer of the non-treated enclo­
sures corresponding with an algal bloom and increased turbidity. It is sugges­
ted that phosphate mobilisation in summer is caused by the reduction of 
iron(lll) phosphate complexes and in this high sulphate water body, probably 
also by the reduction of Fe(lll) by sulphide and the consequential precipitation 
of iron(ll)sulphide. 
Iron addition appeared to prevent sulphide toxicity in Potamogetón acutifo-
iius Link which was planted in the enclosures immediately after iron (II) addi-
tion. In the non-iron-treated enclosures Potamogetón acutifo/ius plants, 
decayed within a few weeks probably as a result of sulphide toxicity 
Key words: Internal eutrophication, sulphide toxicity, Potamogetón acu-
tifo/ius, Iron(ll), phosphate mobilisation. 
Introduction 
Smolders and Roelofs (1993) hypothesized that greatly decreased iron 
levels in sediment pore water are at least partly responsible for the dramatic 
decline of aquatic macrophytes in the Netherlands over recent decades. 
Seepage, which generally contains much iron, has dramatically decreased 
over large areas due to reduced ground water levels, as a consequence of 
water extraction. Sulphate-enriched water, from the river Rhine is introduced 
to prevent these areas from drying out. 
Decreased iron input, and increased iron sulphide precipitation due to in -
creased sulphate reduction, can be expected to lead to a rapid exhaustion of 
the free iron(ll) pool in the sediment. Decreased iron levels appear to be cor-
related with increased phosphate levels in sediment pore water (Smolders and 
Roelofs, 1993, 1995). Furthermore, low iron phosphate ratios in the upper 
sediment layer increase the exchange of phosphates to the water layer (Bac-
cini, 1985; Smolders and Roelofs, 1993). Besides increased phosphate mobili-
sation, highly toxic sulphide tends to accumulate in iron-depleted sediments 
(Ponnamperuma, 1972; Yoshida and Tadano, 1978; Smolders and Roelofs 
1993). 
Sulphide accumulation can have deleterious effects on rooting plants as the 
roots of many (semi-)aquatic plants cannot survive high sulphide levels for 
long periods (Yoshida and Tadano, 1978). Furthermore, iron depletion can 
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lead to iron deficiency in aquatic macrophytes (Smolders and Roelofs, 1993; 
Smolders et al., 1994). 
In order to decrease the internal phosphate loading of the water layer, 
several techniques have been applied. In the deep Lake Dollar (USA), for in -
stance, aluminium was introduced to the hypolimnion and successfully redu-
ced phosphate levels at least, for several years (Cooke et al., 1986). Iron(lll) 
chloride injection into the sediment has been used in lake Groot Vogelenzang 
(The Netherlands) (Boers, 1991), but with limited success as phosphorus and 
chlorophyl levels in the water layer declined only for a few months. 
In this paper we describe an experiment in which we tested whether it is 
possible to prevent sulphide toxicity and internal eutrophication by the addition 
of iron(ll)chloride. Iron (II) chloride was used because it is the most common 
form of iron in anaerobic sediments. Plants of Potamogetón acutifo/ius Link 
were introduced to iron-treated and non-iron-treated enclosures. P. acutifo-
/ius was selected as it is one of the species that often disappears after the 
introduction of sulphate-enriched Rhine type water to aquatic habitats. 
Materials and methods 
Study sites 
The experiment was carried out from March 1993 until April 1994 in "De 
Bruuk", a small nature reserve near Nijmegen (The Netherlands) which is 
characterized by wet peaty grasslands intersected with ditches. The area is 
fed by seepage containing high amounts of sulphate and iron. In parts of the 
area, sulphate-reduction rates in the sediment are very high. As a result, iron 
is depleted in the upper sediment layers due to iron sulphide precipitation with 
the consequence that sulphide accumulates. 
In summer-time, phosphate levels in the water layer are also increased and 
non-rooting Lemna species become dominant in the ditches. Rooting water 
plants are very scarce. 
Table 1 shows some important sediment characteristics of the ditch in 
which the experiment was carried out. The sediment consists of a silty loam 
(1.7 % clay, 78.9 % silt and 19.4 % sand), with a moderate organic matter 
content. Almost 66% of the phosphate appears to be iron and/or aluminium 
bound, while 29 % is Ca-bound. The total iron content of the sediment is very 
high. Iron levels in sediment pore water, however, are very low. 
Experimental design 
Eight enclosures, consisting of round polycarbonate cylinders (Fig. 1) with a 
depth of 2 metres and a diameter of 1 metre, were used to isolate the water 
and top layer of the sediment from the surrounding water and sediment by 
pushing them 50 cm into the sediment. To four enclosures, 75 g of 
iron(ll)chloride were added to the sediment. This iron(ll)chloride was dissolved 
in 5 litres of anoxic (N2-flushed) demineralised water. The solution was care-
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Table 1 
Some sediment characteristics of the ditch where the enclosure experiment 






































fully injected into the top 15 cm of sediment by means of a large plant 
sprayer with nebulizer. 
Sediment pore water samples were sucked from the upper 10 cm using 
porous ceramic cups which were connected to vacuum infusion flasks by air­
tight tubes (lysimeters). In every enclosure, two lysimeters were permanently 
installed. Subsamples of the sediment pore water samples were fixed im­
mediately with a sulphide antioxidant buffer (SAOB) containing sodium hydro­
xide, sodium EDTA and ascorbic acid (van Gemerden, 1984). 
The redox potential of the sediment was measured at different depths and 
different locations in the upper 15 cm of the sediment with platinum wire 
electrodes (Pt cathode, saturated Ag/AgCI anode). Obtained values (N-10) 
were averaged. 
Water samples were collected in 500 ml iodate«, polyethylene bottles from 
mid-depth in the water layer. pH was determined using a Radiometer Com­
bined pH electrode connected to a PHM82 Standard pH meter. Alkalinity was 
determined by titrating 50 ml with 0.01 M HCl down to pH 4.2. Another 50 ml 
subsample was passed through a Whatman GF/C filter and stored at -28 °C 
until analysis. Turbidity of the samples was determined with a Dentan type FN 
5 turbidity meter. Water temperature was measured just above the sediment 
surface. Six sediment samples were collected with an Ekman sediment sam­
pler from within the area where the enclosures were to be located. Subsam-
ples were dried at 105 °C for 24 hours. Organic matter content was measured 
as loss on ignition, determined by heating 50 grams of the dried sediment for 
4 hours at 550 °C. 
Sediment samples were extracted stepwise with 1 M NH4CI, 0.1 M NaOH 
and 0.5 M HCl according to the fractionating scheme of Hieltjes and Lijklema 
(1980). 25 ml of extradant was used per 250 mg of wet sediment. In this way, 
phosphorus was fractionated in loosely adsorbed Ρ (NH4CI), Fe and Al bound 
Ρ (NaOH), and Ρ incorporated mainly in Ca compounds (HCl). 
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To achieve sediment digestion, 100 mg of dried sediment sample was dis­
persed in 5 ml concentrated H2S04, incubated at room temperature for 24 h, 
heated to 150 °C and digested by slowly adding 2 ml 30 % H202. The des-
truates were diluted to 100 ml with bi—distilled water and stored at 4 °C until 
analysis. Whatman filters, through which water had been filtered, were diges­
ted in the same way as the sediment samples so as to determine the amount 
of nutrients accumulated in the algae. 
Ca, Mg, Al, and Fe were measured with an Inductively Coupled Plasmas-
pectrophotometer, type IL Plasma 200. К and Na were measured using a 
Technicon Flame Photometer IV. The following were determined colourimetri-
cally using a Technicon AAl-system (Technicon Corporation, 1969): N 0 3 -
according to Kamphake et al. (1967); NH4 + according to Grasshoff and 
Johannsen (1977), Ch according to O'Brien (1962) and S0 4 2 - according to 
Technicon Auto Analyzer Methodology (1981). Sulphide was measured using 
an Orion 94-16A sulphide ion-specific silver electrode with a double junction 
calomel electrode serving as a reference (Roelofs, 1991). 
Two weeks after iron(ll) addition known amounts of appearingly healthy P. 
acutifolius plants, with healthy root systems, were carefully planted in two 
iron-treated and two control enclosures. After six weeks the plants were har­
vested and divided into healthy shoots, dead shoots and healthy roots and 
weighed. 
Results 
Sediment pore water 
Iron(ll) concentrations in sediment pore water of the control enclosures 
were very low and did not exceed a value of 5 micromol.H. Iron (II) addition 
resulted immediately in a maximum mean iron level of ± 1100 micromol.H. 
After a sharp decrease in the first month to levels of 220 micromol.H, iron 
levels gradually decreased over the proceeding months and, at the end of the 
experiment, reached values comparable with those measured in the control 
enclosures (fig. 1). In the control enclosures, sulphide levels in sediment pore 
water showed a seasonal variation with the highest mean sulphide level (490 
micromol.H) in summer and lowest (70 micromol.H) in winter (fig. 1). 
Figure 2 shows that sulphide levels in sediment pore water of the non-
treated enclosures were strongly correlated with water temperature. Sulphide 
levels in sediment pore water decreased very sharply in the iron-treated 
enclosures. Immediately after iron addition, sulphide levels became lower than 
1 micromol.l-1 and remained low until the end of September after with levels 
began to increase gradually. At the end of the experiment, sulphide concent­
rations were 80 micromol.H; that is still about half as high as those measured 
in the control enclosures. Immediately after iron addition, calcium and magne­
sium levels increased sharply (fig. 1). In the following two months, calcium 
and magnesium levels decreased to values comparable with those of the 
control enclosures. In the control enclosures, calcium and magnesium levels 
did not change very much over the year (fig. 2). 
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Ammonium and potassium levels showed a seasonal variation with the 
highest values in the summer months (fig. 1). After iron addition potassium 
levels increased somewhat, but after a few months were again more or less 
comparable with values measured in the control enclosures. In the iron treated 
enclosures ammonium levels remained somewhat lower than in the control 
enclosures while the observed seasonal variation showed the same pattern. 
In the control enclosures, phosphate levels in sediment pore water were 
generally low and did not exceed values of 4 micromol.M (fig. 1). From June 
until September, however, mean phosphate levels strongly increased and rea-
ched a maximum of 16 micromol.h1 in August. At the end of August, phos-
phate levels in sediment pore water dropped sharply to the values observed 
throughout the rest of the year. In the iron-treated enclosures phosphate 
levels decreased immediately after iron addition and remained low during the 
experiment. 
After the addition of iron (II), pH and alkalinity of sediment pore water 
dropped sharply (fig. 1). Although, in the course of time the differences with 
the control enclosures decreased gradually, pH as well as alkalinity remained 
lower in the iron treated enclosures until the end of the experiment. Sulphate 
levels remained relatively constant over the entire period of the experiment 
and amounted to ± 1000 micromol.l-1. Only in the summer months did sul-
phate levels show a dip and become very low. In the iron-treated enclosures, 
sulphate levels dropped immediately following iron addition. In the control 
enclosures sulphate levels began to decrease a month after Iron addi-
tion. Redox potential (fig. 1) increased sharply by ± 80 mV following iron 
addition. In autumn and winter, redox potentials in the iron treated enclosures 
decreased again and reached values comparable with those measured in the 
control enclosures. Redox potentials were lower in the summer months than in 
winter. 
Water layer 
Turbidity of the water layer was relatively low in the enclosures at the onset 
of the experiment but increased sharply in the control enclosures in the sum-
mer months (fig. 1). A maximum value of 55 ppm was reached in September 
and thereafter decreased gradually until January (fig 1). In the iron-treated 
Figure 1 
Course of some important chemical and physical characteristics of the 
water layer and sediment in iron(ll)-treated and control enclosures. All con-
centrations in micromol.h1, except pH, redox potential (mV), temperature (°C) 
and alkalinity (meq.M). Vertical bars represent SD. N=4 for the water layer and 
N•=8 for the sediment. * indicates the moment at which 4 of the enclosured 
were treated with iron(ll) chloride.
 tì represents iron-treated enclosures, 
A represents control enclosures. The inset in the iron(sediment) graph also 
represents the iron levels in sediment pore water on a more detailed scale. 
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enclosures, turbidity also increased somewhat, but remained much lower than 
in the controls. Due to enclosure effects, the pH of the water layer increased 
from a mean value of 6.5 to values of approximately 7.5 in the first two 
months of the experiment. In the control enclosures, pH also increased 
sharply to values well above pH 8 as soon as the turbidity of the enclosures 
increased. 
Phosphate concentrations were higher in summer-time, particularly in the 
control enclosures. The values dropped again in November but remained hig-
her than at the onset of the experiment. Ammonium levels in the enclosures 
showed a clear seasonal variation and increased to values that were four to 
five times higher than during winter time. The turbidity in the non-treated 
enclosures was caused by algae, as illustrated by the strongly increased 
chlorophyll levels in the non-treated enclosures. In August 1993 the chloro-
phyll-a level in the seston fraction of the water layers was 208 (± 66) ng.M in 
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the 4 control enclosures and 31 ng.H (± 23) in the 4 iron-treated ones. 
Furthermore an important proportion of the phosphorus in the water layer was 
incorporated in the algal fraction; 18.5 (± 5) micromol.M in the iron treated 
enclosures and 2.0 (± 0.8) micromol.M in control enclosures. The algal growth 
in the enclosures coincided with the development of a Lemna blanket in the 
surrounding ditch; the dominance of algae instead of Lemna species in the 
enclosures is probably an enclosure effect. 
Effects of Iron(ll) addition on Potamogetónacutit'torus growth 
Table 3 shows the effects of Iron(ll) addition on the growth of Potamogetón 
acutifotìus. In the control enclosures, Potamogetón acutifoJius did not grow 
very well. Total biomass decreased by 50 to 60 % over a period of 6 weeks 
while the major part of the plant tissue appeared to be dead. The shoots 
decayed at the base, releasing plant parts which floated at the water surface. 
Table 2 
Growth of Potamogetón acutifotìus in two iron-treated (A and B) and two 
control (C and D) enclosures in "de Bruuk". All values, except biomass in-
crease, in g FW. 
No. of cylinder 
Initial biomass 




































These floating parts are not included in the total biomass in table 2. Further­
more, only a few living vital roots were present as most of the root system 
had decayed. 
In the iron-treated enclosures, P. acutifo/ius grew very well. Biomass in­




Iron(ll) addition had a very pronounced effect on sulphide levels in sedi-
ment pore water. Immediately after iron(ll) addition, sulphide levels dropped to 
values below 1 micromol.h1 and did not increase until iron(ll) levels in sedi-
ment pore water had become very low again. These observations are in 
accordance with the observations of Smolders and Roelofs (1993) who did not 
find any accumulation of sulphide in sediments with ample amounts of Fe(ll). 
Thermodynamic calculations confirm that sulphide accumulation is only to be 
expected when iron(ll) levels in sediment pore water become very low (Yosh-
ida and Tadano, 1978). 
The strong increase of calcium and magnesium following iron(ll) addition is 
most probably caused by the exchange of these bivalent ions with iron (II) on 
the cation exchange sites of sediment particles (Ponnamperuma, 1972), the 
formation of iron(ll)carbonate (siderite) (Davison, 1993) and acid neutralizing 
reactions such as: 
(1) CaC03 + H+ > HCO3- + Ca2+. 
(2) CaMg(C03)2 + 2 H+ > Ca2+ + Mg2+ + 2HC03-
In the month following iron (II) addition calcium, magnesium and iron levels 
decreased to normal values, probably due to the diffusion of these ions to 
deeper sediment layers and to (re)precipitation of the ions. The immediate 
decrease of phosphate levels in sediment pore water can most probably be 
attributed to iron(ll) phosphate precipitation (Boström et al., 1982). 
Due to H+ generating processes such as iron sulphide precipitation (equa-
tion 3) and the formation of ironcarbonates (equation 4), alkalinity and pH 
decreased substantially following iron(ll) addition. 
(3) HS- + Fe2* > FeS + H+ 
(4) Fe2* + HCO3- > Fe(C03) + H+ 
Ammonium, potassium and sulphide levels in sediment pore water showed 
a pronounced seasonal variation, probably reflecting a strong correlation with 
temperature-dependent microbiological processes (Brock et al., 1994). Sul-
phate levels reamined relatively constant. Only in summer was a strong dip in 
the sulphate level observed. In summer, decreased seepage may result in 
decreased sulphate input. Furthermore, the dip can be explained at least 
partly by increased sulphate reduction rates as in the same period sulphide 
levels reached maximum values in the control enclosures. The sulphate dip 
was even more pronounced in the iron-treated enclosures. We assume there-
fore, that sulphate reduction rates in the iron-treated enclosures were certainly 
not much lower, and perhaps even higher than in the control enclosures. 
Sulphide produced by sulphate reduction will easily precipitate with Fe(ll). In 
this way, iron is constantly stripped from the sediment pore water, while at the 
same time iron (II) desorbs from clay/silt particles. In the enclosures where 
iron(ll) was added, these processes ensured almost total precipitation of sul-
phide during the summer months. Sulphide accumulation did not begin until 
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late in the year when the fractions of free iron(ll), and iron (II) adsorbed to 
clay/silt particles were exhausted. 
Phosphate did not show the typical seasonal pattern that was observed for 
nitrogen, potassium and sulphide but produced a pronounced peak in the 
summer months. Increased phosphate mobilisation, due to organic matter 
breakdown, is normally easily counteracted by the sorbtion of phosphates to 
clay particles (Stumm and Morgan, 1970, Boström et al., 1982), or to iron 
hydroxides (Boström et al., 1982). 
Due to the strongly lowered sulphide concentration, the redox potential in 
the iron treated enclosures is considerably higher than in the non-treated 
enclosures. As a result of the higher redox equilibrium in the iron treated 
enclosures, iron(lll) reduction rates will be lower (Patrick et al., 1973; Roelofs, 
1991). We suggest that the net phosphate mobilisation in the control enclo-
sures during the summer months can be explained by the lower redox poten-
tial. Furthermore, FeP04 may be reduced directly by sulphide (Sperber, 1958; 
Coleman et al., 1993). As phosphate fractionation (table 1) shows that an im-
portant part of the phosphate in the sediment is present in Fe/ΑΙ complexes, 
increased reduction of Fe(lll) will lead to an increased mobilisation of phos­
phates. In the summer months, the increased phosphate mobilisation in the 
non-treated enclosures was apparantly not sufficiently counterbalanced by 
phosphate sorbtion in the control enclosures. 
Smolders and Roelofs (1993, 1995) have shown that decreased Fe(ll) input, 
due to decreased seepage and the concomitant increased sulphate enrich­
ment resuling from the inlet of sulphate enriched river water, leads to iron 
depletion, sulphide accumulation and eutrophication of aquatic ecosyterns. 
The decline of many rooting aquatic macrophytes in the Netherlands, and 
possibly elsewhere, is associated with increased sulphate levels in surface 
waters and decreased iron levels in sediment pore water (Smolders and Roe­
lofs, 1993; 1995). The results of this enclosure experiment clearly illustrate the 
important interactions between iron, sulphate and phosphate economies in 
aquatic ecosystems on reduced sediments. If sulphate reduction and iron (II) 
input are not in balance, sulphide accumulation and internal eutrophication 
can become serious threats to aquatic ecosytems. 
Sulphide accumulation can lead to a decreased vitality of Stratiotes aioides 
due to sulphide toxicity (Roelofs, 1991, Smolders and Roelofs, 1993), Greatly 
decreased iron levels can lead to iron shortage in aquatic macrophytes, as 
has been described for Stratiotes a/oides (Smolders and Roelofs, 1993), and 
Nymphoides р /tata (Gmel.)O. Kuntze (Smolders et al, 1994). Our results show 
that greatly increased sulphide levels affect the growth of Potamogetón acuti-
folius considerably. P. acutifo/ius is one of the aquatic macrophytes that has 
declined dramatically in recent decades in the Netherlands, especially in those 
waters where sulphate levels have increased greatly. Eutrophication did not 
play a role because the growth of P. acutifo/ius occured before the algal 
bloom started in the control enclosures. Apart from preventing phosphate 
mobilisation, high iron levels in sediment pore water can also prevent phos-
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phate exchange to the water layer (Baccini, 1985; Smolders and Roelof s, 
1993). Oxidation of iron and concomitant iron(lll) phosphate precipitation in the 
oxidative boundary layer at the sediment water interface will reduce phosphate 
exchange to the water layer. During the summer, algal growth increased sig­
nificantly in the non-treated enclosures, due to increased phosphate mobilisa­
tion and consequential increased phosphate fluxes from the sediment 
Apparently, phosphate was limiting algal growth in the enclosures as turbidity 
strongly responded to the increased phosphate mobilisation. Iron(ll) addition to 
the sediment , clearly prevented internal eutrophication in the enclosures. 
High sulphide levels will increase phosphate exchange as sulphide will 
greatly reduce or eliminate the oxidative boundary layer. In the control enclo­
sures, for instance, sulphide levels of up to 20 micromol.M could be detected 
in the water layer 10 cm above the sediment surface; this indicates anaerobic 
conditions in the lower part of the water layer (data not shown). 
Although our results clearly illustrate that iron(ll) addition can prevent sul­
phide accumulation and eutrophication in aquatic ecosystems with high sul­
phide levels in sediment pore water, it remains questionable whether beneficial 
effects of such additions can be achieved in the longer term. Our results in­
dicate that the beneficial effects of iron (II) addition are only temporary when 
the system is still receiving high quantities of external sulphate. In the summer 
of 1994, all the enclosures became turbid whith sulphide and phosphate 
levels being very similar in the iron treated and control enclosures (data not 
shown). Although our results reveal the important role of iron in reduced sedi­
ments, the temporary effects of iron addition make it rather unsuitable for 
nature conservation. Furthermore, iron addition is relatively expensive and 
application on a large scale might prove to be economically unviable. Resto­
ration of the original hydrology seems the only sensible way to deal with 
internal eutrophication and sulphide accumulation. 
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CHAPTER 5 
The effects of ammonium on growth, 
accumulation of free amino acids and nutritional status 
of young phosphorus-deficient Stratíotes aloides L. plants. 
(with С den Hartog, C. van Gestel and J.G.M. Roelofs; 




Turions of Stratiotes aloides L were grown at different ammonium levels 
under phosphorus deficient conditions in a staged gradient. After 13 weeks the 
plantlets appeared to be severely phosphorus deficient with growth being 
seriously impaired. Nitrogen in the plants appeared to be predominantly pre-
sent as soluble amino acids. Asparagine was by far the dominant soluble 
amino acid in the plantlets. At the highest external ammonium levels net 
growth was significantly retarded compared with the other concentrations with 
free ammonium being accumulating in the plants. Ammonium uptake under 
phosphorus deficient conditions strongly increases nutrient imbalances in the 
plants, and thus their vitality. 
Key words: Ammonium toxicity; Amino acid accumulation; Asparagine; 
Phosphorus deficiency; Stratiotes aloides L. 
Introduction 
In general, free ammonium can inhibit respiration and photo-phosphorylation 
(Vines and Wedding, 1960) and thus can become toxic when it accumulates in 
plant cells. To prevent ammonium toxicity many (land) plants respond to a 
strongly increased availability of ammonium by the synthesis of specific amino 
acids and amines, particularly those with a high N:C ratio (Marschner, 1986). 
Arginine (N:C ratio 0.66) for instance is found to accumulate in different pine 
tree species (Ericsson et al., 1993; van Dijk and Roelofs, 1988; Näsholm and 
Ericsson, 1990; Näsholm et al., 1994). Asparagine (N:C ratio 0.50) and gluta-
mine (N:C ratio 0.40) are also well known to accumulate in many different spe-
cies (such as Citrus spec, and barley and pea) when exogenous ammonium 
levels are increased (Webster, 1959; Tromp and Ovaa, 1979; Magelhaes and 
Wilcox, 1984; Rosnitschek-Schimmel, 1985). 
Increased synthesis of specific amino acids can also be caused by nutrient 
deficiencies (Lorentz, 1975; Magalhaes and Wilcox, 1984; Rabe and Lovatt, 
1986; Rabe, 1990; Ericsson et al., 1993), probably because nutrient deficiencies 
can lead to a relative surplus of nitrogen. Although the detoxification of 
ammonia costs energy and carbohydrates the accumulation of specific amino 
acids is rarely inhibited. This is probably due to the high toxicity of ammonia 
which results in plants avoiding its accumulation at any cot (Rabe and Lovatt, 
1986; Rabe, 1990) 
There is not a great deal of information about the effects of elevated 
ammonium levels in the water layer on aquatic macrophytes. In this article we 
present the results of an experiment with young phosphorus-deficient Stra-
tiotes aloides L. plants growing in a staged ammonium gradient . Stratiotes 
aloides is an aquatic macrophyte which mainly reproduces asexually by means 
of turions and tillers. The species is only found in slightly eutrophic waters and, 
for instance, is seldom found in waters in which phosphate levels are lower 
than approximately 1 micromol.H (De Lyon and Roelofs, 1986). On the other 
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hand, Stratiotes neither is found in waters with strongly raised ammonium levels 
(De Lyon and Roelofs, 1986; Smolders, unpublished results). In the experiment, 
in order to gain insight in the mechanism involved in the decline of young 
plantlets at relatively high ammonium levels under phosphate deficient con-
ditions, phosphate levels in the nutrient solutions were maintained at low levels 
resulting in phosphorus deficiency in the plants. Young Stratiotes plants, not 
yet rooted, may be exposed to such conditions in the field. 
Materials and Methods 
Plant material 
Turions (fresh weight ca 2 g) of Stratiotes a/oides were collected in a stand 
in the neighbourhood of the village of Zegveld (The Netherlands) in April 1994. 
Nine of these turions were dried and analysed as described below. The 
remaining ones were used in the experiment. 
Culture conditions 
The turions were placed in glass containers (filled with nutrient solutions), 
which were then placed in a stainless steel water bath. The water bath was 
maintained at 18 °C by means of a Neslab type coolflow 75 cooling/heating 
aggregate. The solutions were refreshed continuously (0.9 l.fr1 per aquarium) 
by means of multichannel peristaltic pumps. The composition of the solution 
was based upon the mean chemical composition of the waters in which Stra-
tiotes a/oides is encountered in the Netherlands (according to de Lyon and 
Roelofs, 1986): 1000 micromol.M Ca2+, 2500 micromol.M CI-, 2000 micromol.M 
Na+, 2000 micromol.M HC03-, 300 micromol.h1 Mg2+, 100 micromol.M S042-, 
110 micromol.h1 K+, 10 micromol.h1 N03-. Trace elements were added accor-
ding to Roelofs (1991). Ammonium was added in the form of ammonium 
chloride in concentrations of 0, 10, 25, 50 ,100, 250 micromol.h1 respectively. 
The pH of the medium was brought to pH 6.8 by adding hydrochloric acid. 
Cyanoguanidine (0.5 micromol.h1) was added to prevent nitrification of 
ammonium. The experiment was carried out with 9 replicates for each 
ammonium concentration. Irradiance was provided through a photoperiod of 
16 hours at 220 microE.m-2.s-1. 
The concentrations in the aquaria were checked regularly and were never 
found to deviate more than 10 % from the values mentioned above. 
Growth 
Every week the biomass of the plantlets was weighed after removing, very 
carefully, the adhering water and loosely adhering dead leaf material. After 13 
weeks the plantlets were harvested. Analyses were carried out as described 
below. 
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Nutrient and chlorophyll-a analysis 
The chemical composition of the plants was determined after destruction 
with sulphuric acid and hydrogen peroxide as described by van Dijk and Roe-
lofs (1988). The chlorophyli-a content was also determined according to van 
Dijk and Roelofs (1988). С and N analyses were carried out with the aid of a 
Carlo Erba CNS analyser. Destructions and CNS-analysis were carried out on 
oven-dried green plant material (48 hours at 70 °C). 
Free nitrogen containing compounds 
Free Nitrogen Containing Compounds (mainly amino acids) were determined 
according to the method described by Van Dijk and Roelofs (1988). Deter­
minations were carried out on green, intermediately aged leaves, which had 
been immediately frozen with liquid nitrogen and kept at -40 °C until analysis. 
Table 1 
Nutrient levels in young plants and chemical composition of the water layer 
for 21 randomly chosen Stratiotes aloides stands in The Netherlands. Samples 
were collected in the summer of 1992. Nitrogen levels are detected in destrua-
ted samples. Min is minimum value, Max is maximum value. All values of the 









































































Nutrient composition and chlorophyll-a levels of turions of Stratiotes a/oides 
L. at the onset of the experiment and the plantlets after 13 weeks at different 
external ammonium concentrations. All values in micromol.g-'DW except С 
(mmol.g-1 DW) and chlorophyll-a (microg.g-1 FW). The standard deviation is 
given in parentheses (N=9). All analyses were carried out in destruates except 
Nitrogen (CNS) and Carbon which were detected with a CNS analyser. 















































































































































































To check the extraordinarily high amino acid contents obtained in this 
experiment a control experiment was carried with only a few plants at external 
ammonium concentrations of 50, 100 and 250 micromol.H. The results 
obtained revealed more or less the same concentrations of free amino acids as 
presented in the results section. 
Calculations 
The total nitrogen content, obtained by the CNS analyser (table 2), and the 
levels of free Nitrogen Containing Compounds, obtained as described above 
(tabel 3), were used to calculate the amounts of N present in different nitro-
gen containing fractions. In the same way the amount of carbon in different 
carbon containing fractions has been calculated. 
Plant and water layer analysis in Stratiotes stands 
During the summer of 1992, in 21 Stratiotes stands located in different parts 
of the Netherlands, young plantlets and water samples were collected. The 
nutrient levels in the plants were analysed as described by van Dijk and Roe-
lofs (1988). The water samples were analysed as described by Roelofs (1991). 
Results 
Table 1 shows the mean chemical composition of water samples and 
Stratiotes aioides plantlets collected in 1992 from 21 randomly selected stands. 
The results confirm that Stratiotes is confined to slightly eutrophic waters with a 
mean ammonium level of 7.8 micromol.H, a mean nitrate level of 6.8 micro-
mol.H and a mean phosphate level of 1.8 micromol.H. Furthermore, table 1 
shows the mean mineral content of young Stratiotes plants. These levels can 
be used as references for the values measured in our experiment. 
Figure 1 shows the growth curves of the plantlets at the different external 
ammonium levels. After 8 weeks, the net growth was impaired at all external 
ammonium concentrations. Differences between the individual plants were con-
siderable and, therefore, the mean final fresh weights (week 13) of the plants 
grown at 0, 10, 25 and 50 micromol.H ammonium concentrations were not 
significantly different according to the t-test (SAS Institute Inc., 1989). .The 
mean final fresh weights of plants grown at the 100 and 250 micromol.H 
ammonium concentrations, however, were significantly lower than at the other 
concentrations. Furthermore, large parts of the plants had become brownish in 
colour, particularly those grown at the higher external ammonium concent-
rations, indicating reduced vitality. 
Potassium, magnesium and sodium levels were much higher in the plants 
that had been grown in the medium which contained only nitrate in comparison 
with plants from the media containing ammonium (table 2). In their natural 
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Figure 1 
М ап growth curves of young Stratiotes aloides plantlets at different external 
ammonium concentrations in a phosphate deficient medium. N=9. Different 
characters indicate that the mean final fresh weights differed significantly (p < 
0.05), according to the t-test. D = 50 micromol.M ammonium; • = 25 micro­
mol.M ammonium; · = 10 micromol.M ammonium; о = 0 micromol.M 
ammonium;^ - 100 micromol.h1 ammonium; Δ = 250 micromol.l-1 ammonium. 
Weeks after onset of experiment 
environment Stratiotes a/oidas plants normally contain high levels of potassium. 
The plants collected in the field (table 1), for instance had a mean potassium 
concentration of 1205 micromol.l-1 with the lowest potassium level encountered 
amounting to 575 micromol.l-1 (table 1). In the experiment, potassium levels 
were relatively low in the ammonium containing media and were lower than 
500 micromol.g-1 DW at external ammonium levels greater than 25 
micromol.l-1. 
Ρ levels were extremely low at all ammonium concentrations (table 2). 
Chlorophyll-a levels also strongly decreased as external ammonium levels in­
creased (table 2). 
N levels in plants were very high, and at external ammonium concen­
trations higher than 25 micromol.l-1, even exceeded 2000 micromol.g-HDW). 
Only in the medium without ammonium, were N levels in the plants relatively 
low, however still higher than the lowest concentrations found in young Stra­
tiotes plants from the field (table 1). N-levels measured with the CNS analyser 
were higher than values obtained by the conventional destruction method. 
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Table 3 
Amounts of free amino acids and some other free Nitrogen Containing 
Compounds (NCC's) in the shoots of young Stratiotes aloides plants grown in 
a staged ammonium gradient for 13 weeks. All values in micromol.g-1 DW. 
Standard deviation is given in parentheses (N-9). Numbers under the names of 
the NCC's signify the N:C ratio of the compound, n.d. stands for not detec­
table. 







































































































































































































































































































Although the latter technique obviously leads to some nitrogen losses, the 
results obtained with this conventional method are presented because the field 
data presented in table 1 were obtained using this procedure. The differences 
between the results of the two methods were larger as N-levels in the shoots 
were higher (table 2). The N levels in the turions (onset) are high (table 2). 
This, however, is normal and not due to high ammonium levels in the water 
layer or to mineral deficiencies. 
Table 3 shows the results of the analyses of free nitrogen containing com­
pounds (free NCC's, i.e mainly amino acids). Asparagine appears to be by far 
the dominant constituent in the free NCC pool. Increasing external ammonium 
levels lead to strongly raised levels of asparagine and almost all other free 
NCC. Proline and tyrosine are only detected at external ammonium concent­
rations higher than 10 micromol.h1. Figure 2 shows that most of the nitrogen in 
the plantlets is present as free NCC's. Only in the plantlets from the medium 
that contained only nitrate is more than 50 percent of the nitrogen present in 
other compounds. At the two highest ammonium concentrations almost all 
nitrogen is present as free NCC's. At the highest external ammonium concent-
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rations, asparagine does not increase any more compared to the lower con­
centrations and glutamine, arginine, serine and alanine are responsible for the 
increased free NCC levels (table 3). Free ammonium was present in the plants 
at all concentrations (table 3, fig. 2), but increased strongly with the external 
ammonium concentration. 
Figure 3 shows that the fraction of С present as free NCC's increases 
strongly when ammonium levels increase. Total С concentrations also increase 
upon increased external ammonium levels, but this increase is not sufficient to 
meet the extra C-demand necessary for the incorporation of N into free-
NCC's. As a result, the amount of С present in compounds other than free-
NCC's decreased considerably with increasing external ammonium concent­
rations. 
Discussion 
The free amino acid concentrations and particularly the asparagine and glu­
tamine levels in the plantlets were extremely high (table 3, figure 2). In the 
ammonium containing media up to 82 to 97 % of total nitrogen in the plantlets 
was present as free NCC's, of which asparagine was by far the most abundant. 
Even without external ammonium, almost half of the total nitrogen content of 
the phosphorus deficient plants was present as free NCC's. The free amino 
acid levels, are extremely high and, as far as we know, have seldom been 
found before in any other species. Prianischikov (1922, in Webster 1959) 
describes that seedlings of barley and pea, germinated in a 0.1 % ammonium 
chloride solution, accumulated almost all nitrogen as free asparagine. High 
values have been recorded for phosphorus deficient Citrus trees (+ 50 % of 
total N as free-NCC's) (Achituv and Bar-Akiva, 1973), and old sulphur deficient 
alfalfa leaves (up to 86 % of total N as free NCC) (Mertz and Matsumoto, 
1956). 
As at the end of the experiment the phosphorus levels in the plantlets were 
extremely low, the growth retardation that could be observed after 9 weeks at 
all ammonium concentrations was undoubtedly caused by phosphorus defi­
ciency. The relative shortage of one or more minerals is well known to lead to 
increased accumulation of free amino acids (Holley and Cain, 1954; Ericsson et 
al., 1993; Rabe, 1990). Achituv and Bar-Akiva (1973) and Rabe and Lovatt 
(1986) showed that phosphorus deficiency and consequential growth retarda­
tion leads to a strong accumulation of arginine in Citrus spec, and Cucurbita 
pepo L They concluded that growth retardation leads to a concomitant surplus 
of ammonium in the shoots which is detoxified by the formation of nitrogen 
containing compounds (NCC). Increased production of free NCC to detoxifty 
ammonium can lead to decreased protein synthesis because energy is diver­
ted to the energy intensive synthesis of NCC's (Mertz, et al. 1952; Rabe, 1990). 
As phosphate is important for the transfer of energy within the cells and espe­
cially for the synthesis of RNA (Marschner, 1986), which is in its turn essential 
for the synthesis of proteins, it is supposed that (extreme) Ρ limitation can also 
affect the synthesis of proteins in a more direct way. 
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Figure 2 
Amount of nitrogen present in the different nitrogen containing fractions. Ail 
levels in micromol N.g-'DW. (N=9). 
////λ = N fraction in Asparagine; | \ \ \ \ ] = N fraction in 
other free nitrogen compounds; || [ | | • ']} - N fraction in free 
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Decreased protein and increased free NCC levels can also be caused by 
increased protein breakdown. In general, stress can lead to increased protein 
breakdown, probably because the membranes of the organelles containing 
proteolytic enzymes, become permeable (Davis, 1982). Dissimiliation of proteins 
can generate energy for more basal metabolic processes (Webster, 1959; 
Marschner, 1986). Ammonium liberated during this dissimilation will be incor­
porated into asparagine or other free NCC's (Webster, 1959). We, however, 
were not able to distinguish between the different processes (impaired protein 
synthesis versus increased protein breakdown) that may cause decreased pro­
tein and increased free NCC levels. 
In general, the plantlets which were growing in ammonium containing media 
were not vital. Many (older) leaves died and were lost during the experiment as 
is most clearly reflected by the decrease in biomass at 100 micromol.M 
ammonium. At external ammonium concentrations of 100 and 250 micromol.!-1, 
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Figura 3 
Amount of carbon present in the different carbon containing fractions. All 
levels in mmol С. g-1DW. (N=9). 
0 10 25 50 100 250 
[NH 4 + ] μιτιοΙ.Γ1 
the mean final fresh weights were significantly lower when compared to the 
mean final fresh weights at the other concentrations. The amount of nitrogen 
incorporated in non-free NCC was very low. It is striking that the synthesis of 
free NCC is very effective even at the stage in which almost all nitrogen in the 
plants is present as free NCC. This seems to confirm that the detoxification of 
ammonium is vital for the survival of the plants. Ammonium, however, did 
accumulate in the 100 and 250 micromol.M treatments in particular, indicating 
that at these concentrations the capacity of the plants to detoxify ammonium 
has reached its upper limits. 
Free NCC accumulation appears to be an important C-consuming process. 
Increased nitrogen levels in the plants lead to increased С levels but this in­
crease is insufficient to compensate for the С necessary for NCC synthesis 
under Ρ limited conditions. Increased NCC synthesis is an important sink for 
the C, assimilated by the plants, and as a consequence there is less С avail-
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able for other (structural) compounds such as chlorophyll-a. This is clearly 
reflected by the decreasing chlorophyll-a contents with increasing external 
ammonium levels. 
Ammonium is well known to decrease the uptake of other cations (Marsch­
ner, 1986). Indeed in our experiment, potassium, magnesium and sodium level 
decreased as ammonium levels increased (table 2). In particular the potassium 
and sodium levels in the ammonium fed plantlets were low compared to the 
levels encountered in the field (table 1). 
Stratiotes is generally found in slightly eutrophic waters with moderate levels 
of Ρ and relatively low levels of ammonium. At present, in The Netherlands, 
nitrogen is almost always present in sufficient amounts due to the high nitro­
gen load resulting from agricultural practices and industrial emissions. However, 
Stratiotes is seldomly found in waters in which ammonium levels are higher 
than 50 micromol.l-1, Table 1 shows that the mean ammonium concentration 
in the natural environment amounts to 7.8 micromol.l-1. Smolders et al.; Chap­
ter 3) found that since 1980, Stratiotes a/oides has disappeared from many 
locations where the ammonium concentration has increased to values higher 
than 30 micromol.l-1. Cultivation of mature Stratiotes plants for a period of 10 
weeks in a staged ammonium gradient (Roelofs, 1991) revealed that an in­
crease of ammonium levels from 10 to 50 micromol.l-1 did lead to a strong 
decrease in the vitality of Stratiotes a/oides, more than 80 % of the leaves 
became brown and necrotic within the cultivation period. The mechanism 
described in this article may also have been involved in the die-back of mature 
Stratiotes plants as described by Roelofs (1991). 
The results reveal the mechanism involved in the decline of Stratiotes a/oides 
plants under Ρ limited conditions and can at least partly explain why Stratiotes 
a/oides is rarely found in waters with very low Ρ levels and/or increased 
ammonium levels. As the young Stratiotes turions are not yet rooting in the 
substrate, they are totally dependent on the uptake of phosphate from the 
water layer. In waters with very low Ρ levels the turions are destined to 
become phosphorus deficient, and hence, more susceptible to ammonium 
toxicity. 
It is concluded that, like other plants, (Marschner, 1986) Stratiotes cannot 
exclude ammonium. At the very least this is true when growth is limited due to 
mineral deficiencies. In such a scenario, the nutritional status of the plants is 
strongly influenced by increased ammonium uptake. Probably, phosphorus 
deficient plants are not able to divert energy from the NCC synthesis to pro­
tein synthesis as long as external ammonium levels are high. As a result, leaf 
dieback occurs due to nutritional imbalances, decreased net protein synthesis 
and the accumulation of toxic ammonium. Finally, this will lead to a strongly 
reduced vitality (or even death) of the plants. Apart from the other hazards that 
endanger Stratiotes stands, such as sulphide toxicity (affecting the roots) (Roe­
lofs, 1991; Smolders and Roelofs. 1993), eutrophication (Roelofs, 1991; Smol­
ders and Roelofs, 1993) and iron deficiency (Smolders and Roelofs, 1993), 
ammonium toxicity, can particularly in combination with one of the other 
hazards, lead to the observed decline of Stratiotes a/oides. 
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CHAPTER 6 
The roles of internal iron(hydr)oxide precipitation, 
sulphide toxicity and oxidizing ability in the survival of 
Stratiotes aloides L. roots at different iron levels 
in sediment pore water 
(with J.G.M. Roelofs) 
- 9 1 -
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Summary 
Stratiotes alo/des L is an aquatic macrophyte that occurs in waters on redu-
ced peaty sediments. The species has a relatively narrow range for free iron 
content of the sediment. 
Comparison of different aquatic macrophyte species reveals that species 
from reductive sediments have a much lower oxidizing ability than species from 
oxidative sediments. Compared with other species from reductive sediments, 
the oxidizing ability of Stratiotes a/oides is very low. This probably makes the 
species very vulnerable to sulphide toxicity and internal iron (hydr)oxide pre-
cipitation. 
For sediments with different free iron contents apoplastic iron contents of 
Stratiotes roots were determined with the aid of a bipyridyl extraction method. 
Roots collected from sediment with a low free iron content appeared to have a 
relatively low apoplastic iron content, while roots from sediments with a rela-
tively high iron content had a relatively high apoplastic iron content. In sedi-
ments with low free iron levels sulphide levels are generally high. Stratiotes 
roots are very susceptible to sulphide toxicity and therefore, the species is sel-
domly found in water with low free iron levels in the sediment. 
With the aid of a light microscope iron (hydr)oxide precipitates were obser-
ved around the endodermis and cortical air spaces of the roots of Stratiotes 
a/oides growing in iron rich sediments. The observations are in accordance with 
predictions that species with low radial oxygen losses, growing on reductive 
sediments, will show iron precipitation inside the roots. Internal iron oxidation 
outside the endodermis, can prevent iron toxicity inside the stele and thus 
enable root apices to survive. The root hairs, however, die away due to 
iron(hydr)oxide precipitation at their base; the roots which have the highest 
visual iron(hydr)oxide content are dead. Excessive internal iron(hydr)oxide pre-
cipitation and the consequential early death of the roots most probably 
explains the absence of Stratiotes a/oides in locations with high free iron levels 
in sediment pore water. 
This is the first report of iron(hydr)oxide precipitation around the endodermis 
of an aquatic macrophyte. 
Key words: Iron plaque, Stratiotes a/oides L, Radial Oxygen Loss, Iron 
toxicity, Oxidizing Activity, Sulphide toxicity. 
Introduction 
Stratiotes a/oides L. is a floating plant species distributed mainly in waters on 
reduced (peaty) sediments. The apical and subapical parts of the roots, which 
are normally covered with root hairs, penetrate into the sediment and enable 
the plants to take up nutrients from the sediment. Earlier work has revealed 
that, at least in the Netherlands, healthy Stratiotes stands are restricted to 
waters with a relatively narrow range for free iron content in the sediment (De 
Lyon and Roelofs, 1986). These free iron concentrations are rarely lower than 
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50 micromol.H or higher than 800 micromol.M. The reasons for this relatively 
narrow range are unknown, but observations reveal that sulphide and iron toxi-
city may be involved. 
At present, due to agricultural land-use ground water levels have decreased 
considerably in large parts of the Netherlands. As a result seepage has strongly 
decreased in many areas, while alkaline sulphate enriched river water originat-
ing from the river Rhine is allowed in to prevent these areas from drying out in 
summer. Owing to iron sulphide precipitation (due to increased sulphate 
reduction) and decreased iron input (as a consequence of decreased seepage) 
iron levels have become very low in many peaty sediments in the Netherlands 
(Smolders and Roelofs, 1993). 
In the Stratiotes stands where levels of dissolved iron are low, the apical 
parts that penetrate into the sediment are often flaccid while the sediments 
smell of hydrogen sulphide. Sulphide intoxication, which is known to affect the 
roots of aquatic and semi-aquatic plants (Allam and Hollis, 1972; Yoshida and 
Tadano, 1978; Koch and Mendelssohn, 1989 ), could very well play a role in 
the observed decrease of root vitality in sediments with very low free iron 
levels. 
In locations with a high level of dissolved iron in sediment pore water, iron 
toxicity may play a role. Excessive uptake and oxidation of ferrous iron in living 
tissues can result in the production of highly toxic hydroxyl radicals (Hendry 
and Brocklebank, 1985; Bienfait, 1989). Therefore, aquatic and semi-aquatic 
species are forced either to tolerate increased ferrous iron levels inside the 
cells, or to avoid iron toxicity through the exclusion of ferric iron from the root 
(Bienfait, 1989). Oxidation of the rhizosphere by leakage of oxygen and the 
consequential oxidation and precipitation of iron(hydr)oxide outside the root, or 
on the root surface, of waterlogged plants is generally regarded as a mechan-
ism by which iron toxicity is avoided (Bartlett, 1961; Armstrong, 1978; Yoshida 
and Tadano, 1978; Rozema, Luppes and Broekman, 1985; Laan et al. 1989; 
Laan, Smolders and Blom, 1991; St-Cyr, Fortin and Campbell, 1993). 
More specifically, iron(ll) exclusion by the roots is thought to be determined 
by the equilibrium between the oxidation and reduction processes in the rhi-
zosphere. This equilibrium will depend on the oxidizing ability of the roots on 
the one hand, and the reductivity of the sediment on the other (Taylor, Crow-
der and Rodden, 1984). As long as plants are able to oxidize the (immediate) 
surroundings of the roots, iron will precipitate outside the roots and iron pre-
cipitation inside the roots is prevented or strongly decreased. Therefore, spe-
cies with high oxidizing abilities are well known to have high iron excluding 
capacities (Bartlett, 1961; Yoshida and Tadano, 1978) and often show 
iron(hydr)oxide precipitations on the root surface (Bartlett, 1961; Armstrong and 
Boatman, 1967; Chen, Dixon and Turner, 1980; Taylor et al., 1984; Laan, et al., 
1989; Laan, et al., 1991; St-Cyr et al., 1993). The amount of radial oxygen loss 
from the roots of a species seems to depend on the reductivity of the sedi-
ment on which the species occurs (Smits et al., 1990). Isoetid species (which 
occur on oxidative sediments) are well known to have relatively high radial 
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oxygen losses (Wium-Andersen and Andersen, 1972; Tessenow and Baynes, 
1978; Smits et al., 1990). In this paper, we present the results of a study on 
the role of both sulphide and iron in the vitality of the roots of Stratiotes 
aloides under different iron levels in the sediment. We also quantify the oxida-
tive ability of Stratiotes aloides and some other aquatic macrophytes from 
reduced and oxidative sediment in order to obtain insight on the eventual role 
of the oxidizing ability of the roots in the susceptibility for sulphide and iron 
toxicity. 
Materials and Methods 
Iron/sulphide interactions 
In order to establish the possible relationship between iron and sulphide 
levels, sediment pore water samples were collected from 75 different surface 
waters in the peaty lowland areas of the Netherlands, during the summers of 
1992 and 1993. The samples were sucked from the upper 10 cm using porous 
ceramic cups which were connected to vacuum infusive flasks by means of air 
tight tubes (lysimeters). Analysis of iron and sulphide were performed as 
described by Roelofs (1991). 
In August 1993 mature Stratiotes plants with a rosette diameter of ± 25 cm 
were collected in four different locations in the Netherlands. All locations had 
peaty sediments and were selected for their different free iron levels in sedi-
ment pore water. We selected: a ditch near Glimmen in the province of 
Groningen, a ditch near Tienhoven in the province of Utrecht, a ditch near 
Zegveld in the province of Zuid-Holland and an artificial pond on the grounds 
of the University of Nijmegen. In these locations, sediment pore water samples 
were collected with lysimeters and analysed according to Roelofs (1991). Cross 
sections of fresh roots were cut with a razor blade and studied with the aid of 
a light microscope. With the aid of a tetrazolium-staining method according to 
Bertani, Brambilla and Menegus (1981), different parts of the roots were 
checked for blue coloration which, in other experiments, has proved to be a 
good measure of the vitality of the tissues. Furthermore, the root surfaces were 
carefully checked for the presence of iron (hydr)oxide precipitates. 
Sub-apical parts of the roots of 12 plants from each location were carefully 
cut, and rinsed with demineralized water. Only roots which still possesed a 
healthy looking apex were selected. Next, the extracellular iron was extracted 
with sodium dithionite and determined with a bipyridyl solution according to the 
methods described by Bienfait, van den Briel and Mesland-Mul (1984) and 
Laan et al. (1989). As it was suspected that there was a high concentration of 
apoplastic iron, 0.25 g of fresh root material was used and the concentration 
of the bipyridyl solution was increased to 4.5 mM. The extraction time was 
extended to -t 1.5 hour. From each plant, four roots were selected, analysed 
separately and the results averaged per plant. For the plants from the ditch 
near Zegveld, however, only 1 root was selected per plant because very few 
intact roots could be obtained from the sediment. After extraction the root parts 
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were dried at 70 °C and weighed. 
The iron content of the shoots was determined for intermediately aged 
leaves according to Smolders and Roelofs (1993). 
Methylene blue oxidizing ability 
Oxidizing ability of the roots of Strat/ofes a/o/des. and some aquatic macro-
phytes from reduced and oxidative sediments, were studied according to the 
methylene blue method described by Laan et al. (1989) in a cuvet consisting of 
a root and a shoot compartment. The shoot compartment was filled with water 
resembling the water in which the plants were collected in the field, bubbled 
with air, and supplied with sufficient light (180 microE.m-2.h-1). The plants were 
collected in the field and investigated immediately for the detection of the 
methylene blue oxidizing ability. This was defined as the oxidation of leuco-
methylene blue in nmol.cm-Mr1 calculated after 12 hours of incubation of root 
systems in a 0.1 % (w/w) agar solution containing 0.04 g of methylene-blue 
(Laan et al. 1989). The methylene blue oxidizing ability calculated is the mean 
value for the parts of the roots that showed methylene blue oxidizing ability. 
Sulphide toxicity 
Mature Stratiotes aloides plants with a rosette diameter of + 25 cm were 
collected in artificial ponds on the grounds of the University of Nijmegen and 
placed in aquaria (8 h dark, 16 h light at 180 uE ітг2.Іг1) with nutrient levels 
according to Smolders, Den Hartog and Roelofs (1995). The apical 15 cm of a 
root was carefully put through a hole in the rubber septum of a screw-cap 
which was carefully sealed with plasticine to prevent leaks. A blackened serum 
bottle containing a nutrient solution was placed at the screw-cap. Nutrient 
levels in the solution were the same as in the aquaria. The contents of the 
serum bottles were flushed with nitrogen to make them anoxic. Different 
amounts of sulphide were added in order to obtain a staged sulphide gradient 
of O, 5, 10, 25, 50, 100, 250, 500 and 1000 micromol.l"1. pH of the medium in 
the serum bottles was fixed at pH 7 by adding hydrochloric acid. The media in 
the serum bottles were changed daily and the water in the aquaria was 
changed continuously. Sulphide levels in the serum bottles were checked 
before and after changing. Two times daily, the roots were checked to ensure 
they were still alive. Dead roots were very easily distinguished by their flaccid 
appearance. In this experiment flaccidness was used as the criterion which 
measured viability. 20 roots were used for each concentration . 
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Figure 1 
Relationship between sulphide and dissolved iron levels in sediment pore 
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Relationship between free iron and sulphide levels in sediment pore 
water 
In the sediment pore water samples obtained from the peaty lowland areas 
of the Netherlands, iron and sulphide concentrations appear to be inversely 
related (fig. 1). In sediments with iron levels higher than 50 micromol.M, sul­
phide levels are (very) low. In sediments where free iron levels are lower than 
20 micromol.M, sulphide levels are much higher. 
Observations on Stratiotes roots from the different locations 
Table 1 shows the amount of apoplastic iron measured in the roots of the 
plants collected in four different locations. Apoplastic free iron levels appeared 
to be very low in the roots from the ditch near Zegveld, and rather high in 
those from the artificial pond at the University grounds and the ditch near 
Glimmen. In roots collected near Tienhoven, intermediate concentrations were 
recorded. Furthermore, table 1 reveals that these differences correspond with 
the dissolved iron levels in sediment pore water, which were high in the artifi­
cial pond and the ditch near Glimmen, low in the ditch near Zegveld, and 
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Table 1 
Apoplastic iron concentrations in the roots and iron contents of inter-
mediately aged leaves of Stratiotes alo/des plants collected in four different 
locations in the Netherlands (n=12). Mean values for some important chemical 


































































































intermediate in the ditch near Tienhoven. Sulphide could only be detected in 
the ditch near Zegveld. The very low free iron levels in the ditch near Zegveld 
resulted in very low iron levels in the shoots of the plants (table 1). Most of the 
plants from the Zegveld ditch were chlorotic. The iron content of the shoots 
was highest in the artificial pond and the ditch near Glimmen and intermediate 
in the ditch near Tienhoven (table 1). Typical symptoms indicating iron toxicity 
(i.e. brown necrotic spots on the leaves; Laan et al., 1991) were not observed. 
The root surfaces of the plants collected in the artificial pond at the 
University grounds and in the ditch near Glimmen were speckled with red 
spots. Observation with the light microscope revealed that the red spots were 
located at the places where root hairs had once been attached. The root hairs 
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Figure 2 
The effects of different sulphide concentrations on the survival of Stratiotes 
afoides roots. The points indicate the moments after onset of the experiments 
at which 80 percent of the roots had died. The vertical lines under the points 
indicate the time span in which roots died during the experiment. The values 
under the vertical lines indicate the sulphide concentrations in micromol.M . 
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had mostly decayed and very few had remained intact. External iron(hydr)oxide 
precipitates, were only found on the spots where root hairs had decayed (plate 
1a). Cross sections of these roots revealed that iron (hydr)oxide precipitates 
were found throughout the cortex but especially around the air spaces lying in 
line with (decayed) root hairs (plate 1). Around the endodermes of all roots, a 
clear, reddish brown ring of iron (hydr)oxide was visible (plate 1). In roots that 
still had an apex, the intensity of the iron(hydr)oxide deposition varied between 
moderate deposition to heavy iron (hydr)oxide deposits around the endodermis 
as well as around the cortical air spaces and the bases of (mostly decayed) 
root hairs (plate 1). Large parts of the cortex of these roots did not give any 
coloration with the tetrazolium test; this indicates that these parts may have 
been dead. The stele tissue of these roots, however, still showed coloration 
indicating that apart from the apex at least the stele tissue was more or less 
intact. Many of the roots were "brittle", i.e. had lost their natural flexibility and 
broke very easily. In these roots, only very heavy iron (hydr)oxide pricipitations 
were found. Stele tissue of these roots showed no, or only a very faint, col-
oration in the tetrazolium test. 
The roots of the plants collected in the ditch near Zegveld did not show any 
visible iron(hydr)oxide precipitation. These plants, however, possessed very few 
living roots that penetrated the sediment. From the sediment, mainly flaccid 
remnants of roots could be obtained. The vital roots that could be obtained all 
showed a clear blue coloration in the tetrazolium test. 
The plants from the ditch near Tienhoven had many healthy looking, living 
roots with ample root hairs. No "brittle" roots were found. External iron hydro-
xide precipitations were only found at spots where root hairs had decayed. 
Around the endodermis and the cortical air spaces only moderate iron hydro-
xide precipitations were observed. 
Plate 
A. Surface of Stratiotes aloides roots showing the absence of iron 
(hydr)oxide precipitation on major parts of the root surface. Only the spots 
where root hairs had been attached show iron oxide precipitates. 
B. Cross section through a root of Stratiotes a/oides showing iron 
(hydr)oxide precipitation at the base of a decayed root hair. 
C/D Cross sections through a root of Stratiotes a/oides showing iron 
(hydr)oxide precipitation around the endodermis and cortical air spaces. 
EPC: epidermal cell, LRH: location of former root hair, ENC: endodermal cell, 
CAS: cortical air space, RH: remainder of root hair. 
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Sulphide toxicity in Stratiotes roots 
Figure 2 shows the susceptibility of the roots of Stratiotes aloides at the 
different sulphide concentrations in the laboratory experiment. The survival of 
the roots appears to be seriously affected by sulphide levels higher than 10 
micromol.M. 
Table 2 
Mean methylene blue oxidizing ability of five isoetid species from oxidative 
sandy sediment (Ecn/nodorus ranunculoides Engelm., Piiu/aria g/obuiifera L, 
Шог ііа uniflora (L.) Ascherson, Luronium natans (L.) Rafin. and Eleocharis 
acicuiaris (L.) R. et Sch.), six species from organic reductive sediment {Pota­
mogetón compressas L., Ranunculus circinatus Sibth., Myriophyllum i/erticilla-
tum L, Glyceria maxima (Hartman) Holmberg, Nymphoides pe/tata (Gmel.) О. 
Kuntze, Nymphaea alba L.) and Stratiotes aloides. Relevant mean values of 
some physico-chemical parameters of the sediments and water layer are 
given. These values are obtained from De Lyon and Roelofs (1986). The range 
of the mean values for every group is given between brackets (S = in sedi­
ment; W = in water layer). 
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Methylene blue oxidizing ability 
Table 2 shows the methylene blue oxidizing acitivity of some aquatic macro-
phytes. Aquatic macrophytes from reductive sediments have considerably 
lower methylene blue oxidizing abilities than do plants from oxidative sedi-
ments. Compared to other species from reductive sediments, Stratiotes a/oides 
has a very low methylene blue oxidizing ability. Furthermore, the plants from 
the oxidative sediments show methylene blue oxidation along the entire length 
of their roots, while the plants from the reductive sediments only show methy-
lene blue oxidizing ability along the apical parts of their roots. Mean nutrient 
levels in the sediment and the water layer are lower for species from the 
oxidative sediments than for the species from the reductive sediments (table 
2). 
Discussion 
In general, aquatic macrophytes from oxidative sediments (sandy sediments 
with a relatively high redox potential) have a high oxidative ability (table 2) and 
exude oxygen along the entire length of the root. This indicates that they do 
not possess morphological adaptations which prevent radial oxygen losses 
(Armstrong, 1978, Laan et al, 1989; Smits et al., 1990). Dense stands of these 
species are known to increase the redox potential of the sediment considerably 
(Wium-Andersen and Andersen, 1972; Tessenow and Bay nes, 1978). Aeration 
of the sediment probably increases mineralisation of organic matter, and thus, 
the availability of nutrients and C02, which are taken up by the roots (Sonder-
gaard and Sand-Jensen, 1979; Roelofs, Schuurkes and Smits, 1984). Aeration 
also enhances nitrification, and thus, nitrate availability which is important as 
these species use nitrate as their nitrogen source (Schuurkes, Kok and Den 
Hartog, 1986). 
In general, species from organic reductive sediments have low oxidizing abi-
lities in comparison to species from oxidative sediments, and only exude oxy-
gen from the (sub-)apical parts of the roots (table 1; Smits et al., 1990). In 
these species suberisation or lignification of the outer cortex prevents radial 
oxygen losses along the basal parts of the roots thereby warranting the 
aeration of the vital apex (Armstrong, 1978). The oxygen sink of the reduced 
sediments is very strong, and without preventing radial oxygen losses along 
large parts of the root oxygen levels in the meristematic root apices would 
become lower than the critical oxygen levels for metabolic processes (Arm-
strong and Webb, 1985). Of course, prevention of radial oxygen losses will also 
hamper the uptake of nutrients from the sediments, but the availability of 
nutrients is generally higher in the reduced organic sediments (table 2). Fur-
thermore, nutrient uptake by the roots may be far less important for species 
from reduced sediments than for species from oxidative sediments because 
nutrient concentrations in the water layer above reduced organic sediments are 
generally much higher than in the water layer above oxidative sandy sediments 
(de Lyon and Roelofs, 1986). 
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Most (semi-)aquatic species, from oxidative as well as reductive sediments, 
are known to avoid iron toxicity by oxidizing iron (II) outside the root (external 
oxidation). This method of avoidance enables species to tolerate relatively high 
iron levels in the environment and it is displayed by most (semi-)aquatic spe-
cies (personal observations). A disadvantage of external exclusion, however, is 
that dense iron (hydr-)oxide precipitates on the roots can induce serious 
nutrient deficiencies in species dependent on nutrient uptake by the roots (for 
instance rice; Howeler, 1973; personal observations). 
As is to be expected for a species from reductive (organic) sediments, the 
oxidizing ability of the Strat/otes roots is also restricted to the (sub-)apical 
parts of the roots. The oxidizing ability, however, is much lower than for other 
studied species from reduced sediments (table 2). This could, at least partly, 
be caused by the very long roots of the species (more than 1 m) which will 
cause a relatively high resistance to the longitudinal diffusion of oxygen 
through the roots. 
The oxidation of the rhizosphere is thought to be important in the detoxifi-
cation of Phytotoxins, such as sulphide and Fe(ll) (Armstrong, 1978, Bienfait, 
1989). Therefore, the susceptibility öf the roots to sulphide and iron (II) is pro-
bably caused by the very low oxidative ability of their roots. The observations 
indicate that, in Strat/otes a/o/des, iron oxidation takes place in the root cortex. 
This is in accordance with the predictions of Taylor et al.(l984) who hypoth-
esized that in species with very low oxidizing abilities, iron oxidation would 
occur primarily inside the roots. The amount of iron precipitated in the roots is 
mainly dependent on the iron levels in sediment pore water (table 1). 
As, no iron precipitates could be observed inside the stele, and as the tetra-
zolium stainings revealed that (at least in the roots with a living root apex) stele 
tissue was still alive, the endodermis of Stratiotes a/oides seems to prevent, or 
at least delay, toxic iron levels inside the stele. In this way the survival of the 
apex, vital for the survival of the root as a whole, is prolonged as sugars and 
other metabolites can only be transported to the apex by living phloem tissue. 
Although cortical iron oxidation can prolong the lifetime of the roots when iron 
levels are high, we observed that most of the roots with dense iron-(hydr)oxide 
deposits were dead. Furthermore, the root hairs appear to decay early; pro-
bably due to iron (hydr)oxide precipitation at the base of the root hairs. Symp-
toms indicating iron toxicity in the shoots, such as brown necrotic leaf spots, 
could not be detected in Stratiotes aloides. Apparently excessive uptake of 
Fe(ll) is prevented by the oxidation of iron (II) in the cortex and the premature 
death of the root hairs and the roots. 
Earlier reports on internal iron (hydr)oxide precipitation are rather scarce. 
Only in some water-logged pine trees are iron precipitates known to occur in 
the cortex as well as in the stele (Levan and Riha, 1986; McKevlin et al. 1987). 
These species, however, have poorly developed air spaces in the cortex and 
very low oxidizing abilities and do not seem to survive inundation for a very 
long time. The only reports of internal iron oxide precipitates in (semi-) aquatic 
species are descriptions of extensions of external iron (hydr)oxide precipitates 
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into the roots. Armstrong and Boatman (1967), for instance, found iron-oxide 
precipitates extending up to three cell layers into the cortex of Mo/inia со ги/ а 
Moench. Green and Etherington (1977) detected iron precipitates extending 
along approximately two-thirds of the length of the diaphragms between the 
cortical air spaces of rice roots growing in deoxygenated agar gels. They sta­
ted that the root tips of these plants were perfectly healthy and the roots see­
med to function normally, although most of the outer cortex cells that were 
covered with iron deposits were dead. 
In the peaty lowlands of the Netherlands, a clear relationship exists between 
dissolved iron and sulphide levels in sediment pore water (fig. 1). This is in 
accordance with the observations and predictions of Ponnamperuma (1972) 
and Yoshida and Tadano (1978) who state that sulphide accumulation is only 
to be expected when iron levels are very low. 
Stratiotes roots are susceptible to sulphide even in relatively low quantities 
(fig.2). In the field, sulphide toxicity leads to the early death of the roots when 
iron levels are low. Furthermore, iron levels in the plant become very low due 
to the decreased availability of iron in the sediment and the decreased uptake 
by the roots. Excessive internal iron precipitation, on the other hand, is a pro­
blem when free iron levels become too high. In both circumstances, roots are 
damaged and the nutrient uptake from the sediment will be affected and ulti­
mately so too will the vitality of the plants. Uptake from the sediment is espe­
cially important for many trace metals which are only present in retainable form 
in the sediment. In sediments with high sulphide levels, the shoots of Stratiotes 
aloides can also be affected directly by sulphide intoxication, particularly in 
winter and spring when the plants sink to the sediment surface (Roelofs, 1991, 
personal observations). 
We conclude that the relatively low oxidizing ability of the roots and the 
concomitant poor iron exclusion capacity and susceptibility for sulphide intoxi­
cation determines, at least partly, the relatively narrow range of iron concen­
trations in sediment pore water to which Stratiotes aloides is confined in its 
natural environment. 
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Abstract 
Patches of leaves showing intervenal chlorosis were noticeable in a healthy looking stand of Nym-
phoides peltata (Gmel.) O. Kuntze. Analysis of leaf tissue samples revealed that these symptoms can 
be attributed to iron deficiency. Dissolved iron levels in sediment pore water appeared to be much 
lower in the patch with chlorotic leaves than in the healthy looking Nymphoides stand, while sulphide 
levels were raised in the chlorotic patch. 
Introduction 
Nymphoides peltata (Gmel.) O. Kuntze is widely distributed in the canals 
in the neighbourhood of the village of Kortenhoef (province of Utrecht, The 
Netherlands). In May 1993, in one of the canals, patches several square metres 
in size, with chlorotic leaves were noticed (Fig. 1 ) between healthy looking 
leaves in the N. peltata stands. The intervenal leaf tissue of the chlorotic leaves 
appeared to be discoloured (yellowish) while the veins were still green (in-
tervenal chlorosis) (Fig. 1). The typical symptoms of intervenal chlorosis 
agree well with descriptions of iron deficiency in terrestrial species (Wallace, 
1951; Bergmann, 1976). To study the possible causes of this phenomenon 
leaves, sediment pore water and surface water samples were taken to the lab-
oratory for further analysis. 
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Fig. 1. (a) Healthy looking leaf of Nymphoides peltata (81 mm), (b) Leaf of Symphonies pel-
tata showing severe intervenal chlorosis owing to iron deficiency ( 52 mm ) ; (c ) and (d ) are the 
same as (b) with premature decay, leaf length in (c) is 39 mm, and in (d) is 45 mm. 
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Materials and methods 
In the patches with chlorotic leaves as well as in the surrounding healthy 
looking vegetation two sediment pore water samples were taken. Samples were 
sucked from the upper 10 cm of the sediment by means of porous cups which 
were connected to vacuum infusi ve flasks by means of air-tight tubes (lysi-
meters). Subsamples of the sediment pore water and surface water samples 
were fixed immediately with a sulphide anti-oxidant buffer (SAOB) (Roe-
lofs, 1991 ). Sulphide was measured in these subsamples by means of a type 
Orion 94-16A sulphide ion-specific silver electrode. At each location, 16 leaves 
were randomly collected. The length and width of each leaf were measured 
and nutrient analysis of the leaves was performed according to Van Dijk and 
Roelofs (1988). Chemical analysis of the surface and sediment pore water 
samples was performed according to Roelofs (1991). 
Results and discussion 
Table 1 shows that the chlorotic leaves were much smaller than the healthy 
looking leaves. Furthermore potassium as well as iron levels were lower in the 
chlorotic leaves compared with the healthy looking leaves. The iron levels in 
the chlorotic leaves were very low (Table 1 ). Apart from being chlorotic and 
relatively small, many of the leaves showed signs of premature decay (Fig. 
1 ). Therefore, we conclude that different iron levels in the leaves have been 
responsible for the apparent differences in growth and vitality of the Nym-
phoides plants. 
Table 1 


































Concentrations are given in /mwl g _ ' dry weight. Leaf length and width are given in mm. Standard 
deviation between parentheses, η indicates the number of replicates. 
Asterisks indicate the levels of significance according to the Wilcoxon two samples test (normal ap­
proximation) ·Ρ<0.05; *·/>£0.01; ***Ρ<. 0.001. 
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Table 2 
Chemical composition of the sediment pore water (s) and surface water (w) samples collected in the 
healthy looking Nymphoides stand and a chlorotic patch, respectively 























































































































































All concentrations are given in μΜ. si and s2 indicate two different sediment pore water samples and 
W indicates surface water sample. 
In the last decades, groundwater levels have generally decreased in large 
parts of The Netherlands resulting in decreased iron input by groundwater 
and/or seepage. In order to prevent lowland areas from drying out, sulphate-
enriched river water is let into a large part of The Netherlands resulting in 
increased sulphate levels in many surface waters (Roelofs, 1991 ; Roelofs and 
Smolders, 1993 ). Increased sulphate levels result in increased sulphate reduc­
tion rates in anaerobic sediments and increased fixation of iron as iron sul­
phide precipitations. Decreased iron input and increased iron fixation can 
lead to iron exhaustion and increased sulphide levels in the anaerobic sedi­
ment (Smolders and Roelofs, 1993). Smolders and Roelofs (1993) showed 
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that low iron levels and concomitant chlorosis in the younger leaves of Stra-
tiotes aloides L. were associated with iron exhaustion and sulphide accumu­
lation in anaerobic sediments. 
Iron levels in sediment pore water appeared to be much lower in the chlo­
rotic patches than in the healthy looking stand of N. peltata (Table 2). Sul­
phide levels on the other hand were low in the sediment of the healthy looking 
vegetation and relatively high in the chlorotic patches (Table 2). Therefore, 
local iron exhaustion in the anaerobic sediment seems to have been respon­
sible for the deficient iron levels in the chlorotic leaves. 
It is demonstrated that the exhaustion of dissolved iron in sediment pore 
water can cause a decreased vitality of aquatic macrophyte species owing to 
iron deficiency. Van der Velde et al. (1986) found that N. peltata did not 
occur in waters with interstitial iron concentrations lower than 17 μΜ. Our 
results indicate that below these values, iron deficiency strongly reduces the 
vitality of N. peltata. 
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Abstract 
In order to obtain an impression of fruit and seed production in stands of Stratiotes aloides L., 48 
stands of this species in seven areas in the Netherlands were studied in 1992 and 1993. In 35 of these 
stands fruits were found; most of these appeared to be parthenocarpic. In the area of Giethoorn 
(province of Overijssel), however, most of the stands had many fruits with ripe seeds. 
Seed production in the female plants appears to be dependent on the presence of male plants in the 
direct surroundings. Even in the stands with high seed production vegetative recruitment from offsets 
and tarions appears to be much more important for the maintenance of the stand. 
Keywords: Stratiotes aloides; Parthenocarpy; Fruit production; Seed production 
1. Introduction 
In populations of the water soldier (Stratiotes aloides L.) seeds are generally considered 
to be rare. Cook and Urmi-König (1983) for instance, examined nearly 500 herbarium 
specimens from all over Europe and only in one specimen (from Russia) was seed found. 
The only recent reports of seed-set in nature are those of Baude (1956) who has found 
seeds in Berlin-Spandau, Serbanescu-Jitariu (1972) who found them in Poland, and Roelofs 
(in Cook and Urmi-König, 1983) who found one fruit with seven seeds in October 1981 
in the Netherlands. 
In the Netherlands, Stratiotes aloides is considered to be native because male and female 
plants often occur together in the same area (Van Dijk and Westhoff, 1955; De Geus-Kruyt 
and Segal, 1973; Cook and Urmi-König, 1983; Smolders et al., 1994). De Geus-Kruyt and 
Segal ( 1973) stated that fruits are "fairly common" although they gave no further data on 
* Corresponding author. 
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the production of fruits or the occurrence of seeds Weeda et al ( 1991 ), however, state that 
5 aloides seldom produces fruits and seeds The first documented account on the production 
of seeds of 5 aloides in the Netherlands was given by Smolders et al (1993, 1994) 
In this paper we report on field work earned out in 1992 and 1993 concerning some 
aspects of the generative propagation of 5 aloides 
2. Materials and methods 
2 1 Field observations 
In order to check the occurrence of fruits and seeds in populations of S aloides in the 
Netherlands, several regions well known for the abundance of this species were surveyed 
in September 1992, June/July 1993 and September 1993 
In September 1992 and 1993, at each location 100 plants were randomly collected and 
carefully checked for the presence of fruits Every fruit found was checked for the occurrence 
of seeds Furthermore, in June/July 1993 stands were checked for the presence of male and 
temale flowers and the presence of flower-visiting insects For some stands patterns of the 
distribution of male and female plants in the population were mapped 
In September 1993, 100 female plants were collected from five stands in the neighbour-
hood of Giethoorn (De Bramen 1, 2, 3 and 3 shaded and De Auken) and a population in 
the neighbourhood of Gorredijk, in order to make a quantitative comparison Part of the De 
Bramen 3 location was shaded by high helophyte vegetation growing along the water side, 
in this location a shaded as well as a non-shaded stand was sampled 
For these plants the numbers of healthy and rotten fruits per plant were determined The 
length and width ot 100 fruits were measured and the numbers of seeds counted Further-
more, for the seeds collected in the Gorredijk population and for 100 seeds collected in the 
populations near Giethoorn, seed length and seed width were measured 
3. Results 
3 1 Fruit morphology 
Well developed fruits were barrel-shaped, with four to six sides and two to five ridges 
(Figs 1 a-1 f) Two of the ndges were generally more pronounced than the others and bore 
spines The mature fruits bend out of the toothed (remains of the) spathes in a very 
pronounced way When mature, the inner part of the pericarp becomes pulpy and the leathery 
outer part bursts irregularly (Figs If—lg) In some stands in the neighbourhood of Gie-
thoorn, double and even triple fruited peduncles were found (Figs lh and h) 
Poorly developed fruits without seeds were much more slender and usually bent out of 
the spathes to a lesser degree than well developed fruits ( Figs 1 a-1 b ) These parthenocarpic 
fruits did not mature but ultimately rotted away 
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Fig. 1. Fruits of S. aloides collected in a population near Giethoorn in the province of Overijssel (the Netherlands) 
in September 1992 and 1993. A, B, parthenocarpic fruits; С D, fruits bearing seeds; E, double fruited peduncle; 
F. triple fruited peduncle; G, H, ripe, irregularly bursting fruits prior to seed release; I, remains of fruit after seed 
release. Bar represents + 7 mm. 
- 1 2 1 -
3.2. Occurrence of fruits and seeds 
Fig. 2 shows the geographical positions of the locations in the Netherlands visited in 
1992 and 1993. Stands with many seed bearing fruits were only found in the neighbourhood 
of the village of Giethoorn in the northwestern part of the province of Overijssel. In this 
region, 13 of the 19 investigated stands contained many fruits with seeds. These stands all 
consisted of female as well as male plants (mixed stands). The male and female plants, 
however, were not randomly distributed within the vegetation but showed a clustered pattern 
as shown in Fig. 3. 
In 13 of the 48 stands investigated, fruits appeared to be absent. Five of them, all located 
in the Tienhoven region consisted of totally submerged stands. Although Kornatowski 
( 1985) stated that submerged plants do not flower, in two of the five submerged stands, 
some partly submerged, female plants were found that were growing flowers. These flowers, 
however, appeared to rot away soon after opening. Inspection of the flowers of the other 
stands in which no fruits were found, showed that the plants of these stands were all male. 
In the remaining 22 stands all plants appeared to be female and bore many, mostly parthe-
nocarpic, fruits. In 15 of these stands, some fruits with seeds were found, although in most 
cases less than five fruits with (few) seeds were found per 100 plants. In the remaining 
stands only parthenocarpic fruits were found. In entirely female stands, seeds were only 
found when male plants were present within a range of maximally 1 km. In one entirely 
female stand, located in the De Meije/Kockengen region (Fig. 2), more than half of the 
Fig. 2. Geographical position of the areas and locations in the Netherlands visited in 1992 and 1993. In the locations 
Glimmen, Gorredijk, Breugel and Helenaveen, one stand was sampled. In the regions Giethoorn, Tienhoven and 
Meije/Kockengen, 19, 11 and 14 stands were sampled, respectively. 
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Fig. 3. Mosaic patterns of male and female plants in three mixed stands of S. aloides in the neighbourhood of the 
village of Giethoorn. Patterns were recorded in June 1993. 
Table 1 
Some characteristics of fruits and seeds in six Stratiotes aloides stands in the Netherlands, in September 1993. A, 'De Auken' near 
Giethoorn (entirely female stand); B, Gorredijk (entirely female stand); C, 'De Bramen Γ; D, 'De Bramen 2'; E, 'De Bramen 
3'; F,'De Bramen 3 ( shaded) '. С, D, E and F are mixed stands located near Giethoorn. For all stands the parameters are determined 
for 100 plants collected in a zone where only female plants were encountered in June 1993 
Parameter Stand 
% plants with fruits 
No. of fruit stalks per fruit bearing plant 
% rotten fruits 
% fruits with 1 fruit per fruit stalk 
% fruits with 2 fruits per fruit stalk 
% fruits with 3 fruits per fruit stalk 
Fruit length (mm) 
Fruit width (mm) 
% of fruits with seeds 
No. of seeds per seed bearing plant 
Seed length ( mm) 
Seed width (mm) 
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Fig. 4. The number of fruits per plant (A), the number of seeds per fruit (B), fruit length (C), fruit width (D) in 
two entirely female (De Auken and Gorredijk) and four mixed (De Bramen 1, 2, 3 and 3 shaded) stands of S. 
aloides in the Netherlands in September 1993. Forali stands the parameters are determined for 100 plants collected 
in a zone where only female plants were encountered in June 1993. 
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fruits bore seeds. This stand, however, was located only 20 m from a ditch with an entirely 
male stand. 
In Fig. 4 and Table 1, some characteristics are given for the six more thoroughly studied 
stands. The entirely female De Auken and Gorredijk stands differed considerably from the 
mixed De Bramen stands in the numbers of fruit stalks and percentage of rotten fruits. 
Furthermore, the entirely female stands contained more smaller fruits with only few or no 
seeds at all, whereas most of the fruits in the mixed stands contained seeds. In the shaded 
part of the mixed De Bramen 3 stand only, less than half of the fruits contained seeds. The 
mean number of seeds per seed-containing fruit was 1.5 in the Gorredijk stand, whereas the 
seed-bearing fruits in the mixed stands contained 9.3-11.8 seeds per fruit. Also, the calcu-
lated number of seeds varied considerably between the mixed and entirely female stands 
(Table 1 ). Furthermore, in the mixed stands, clear differences were observed in the amount 
of fruits per peduncle (one, two or three fruits per peduncle) (Table 1 ). 
4. Discussion 
In general, fruiting does not seem to be rare in (partly) female populations of 5. abides 
in the Netherlands. Although many of the plants did not have ripe seeds, in almost all regions 
we visited fruits were present. Although the production of seedless fruits in S. aloides stands 
is seldom mentioned in recent literature, Beguinot (1929) and Negodi (1929) described 
the occurrence of parthenocarpic fruits from Italian S. aloides stands. Their descriptions of 
the parthenocarpic fruits being half the size of the normal fruits are in accordance with our 
findings. As only developing seeds can lead to full fruit development (McLean and Ivimey-
Cook, 1955 ), parthenocarpic fruits often remain small and rot early. Not all entirely female 
stands, however, produced the same amount of parthenocarpic fruits. In their review, Cook 
and Urmi-König (1983) reported that female spathes bear one or, occasionally, two flowers. 
In one of the stands near Giethoorn, however, triple fruiting peduncles were found. The 
distribution of plants, with one, two or three fruits per peduncle differs between the stands 
studied in detail (Tabic 1). 
Although in the Netherlands the production of parthenocarpic fruits is fairly common in 
female S. aloides plants, seed setting is rather rare as only a minority of the fruits outside 
the Giethoorn region bore seeds. The observations prove that the female plants have to be 
located very near to a male stand in order to be successfully pollinated. Kernick (1961) 
gives data for the isolation requirements of different crop plant species. The isolation 
requirement for a population is the minimal distance to other populations of the same species 
needed to prevent cross pollination. For insect-pollinated species Kernick's isolation requi-
rements differ between 30-60 m for Lactuca sativa L. and 800-3000 m for Camellia sinensis 
L. Our observations indicate that for S. aloides the isolation requirement is about 1 km. In 
general, only female plants that are closely located to male plants will bear seeds. 
The clustered patterns of the mixed stands in the region of Giethoorn indicate that clonal 
vegetative propagation, by means of offsets and turions, is the dominant mode of propa-
gation, even in Stratiotes stands producing more than 1500 seeds per 100 female plants. In 
39-46% of the female plants in mixed populations no fruits were found. This relatively 
high number can be explained by the vegetative growth of the species. Offsets that have 
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been produced in July and August do not flower but have been counted in September as 
separate plants. Furthermore, experiments of Cook and Urmi-König ( 1983) and Smolders 
et al. ( 1995) show that Stratiotes seeds do not germinate very well. We also observed that 
seedlings introduced in artificial peat ponds in a greenhouse were eaten almost completely 
by snails of the species Planorbarius corneus (L.) (Planorbidae) within a few days. 
Another reason for the poor recruitment of Stratiotes from seed could be the adverse 
conditions in anaerobic sediments. In some stands sulphide and other Phytotoxins accu-
mulate in the sediment owing to the inlet of sulphate-rich alkaline river water. Furthermore, 
in these sediments, gas production weakens the sediment (Smolders and Roelofs, 1993). 
Germinating seeds and seedlings will suffocate because they are easily covered by sediment 
particles, resulting in decreased light levels and increased exposure to Phytotoxins. 
In the shaded part of the De Bramen 3 stand, seed production was less than in the non-
shaded parts. In the shaded zone plants were observed to flower later than in the non-shaded 
zone, in which all male plants were located. Differences in flowering time most probably 
explain the strongly decreased seed production in the shaded zone. 
The biggest fruits we encountered were wider ( 17-20 mm) than those obtained by 
artificial pollination by Cook and Urmi-König (1983) who mention a maximum fruit width 
of 15 mm. The same is true for the number of seeds per fruit; Cook and Urmi-König ( 1983), 
who pollinated the flowers artificially, reported a maximum of 24 seeds per fruit, whereas 
we found a maximum of 30. Given the high numbers of fruits per plant in the mixed 
populations in the Netherlands, the natural pollination process must have been very suc-
cessful in these stands. Counts and observations on insect pollinators visiting the flowers 
confirmed that pollinators were abundant in every stand visited (A.J.P. Smolders, unpub-
lished data, 1993, 1994). Daumann (1931) and Weeda et al. (1991) also describe the 
abundance of pollinators in Stratiotes stands. 
Cook and Urmi-König (1983) put forward the hypothesis that seeds are produced, but 
subsequently eaten by fruit and/or seed eating predators. This hypothesis is based on the 
observation that fossil seeds are often found in coproliths. As far as the investigated stands 
are concerned, there is no indication of the existence of fruit or seed eating predators. No 
signs of predatory activity on seeds were observed. Only the larvae of the chironomid 
Endochironomus gr. dispar were found in a few fruits. As the seeds of these fruits did not 
show any sign of damage, it is likely that these chironomid larvae fed on the pulpy content 
of the fruits. 
Our results confirm the statement of De Geus-Kruyt and Segal (1973) that fruits are 
fairly common in the Netherlands. In our experience, however, the fruits are very easily 
overlooked as they are not very conspicuous. Plants have to be raised from the water in 
order to find the fruits that grow downwards and ripen under the water surface between the 
decaying older leaves (Smolders et al., 1993). Further, the formation of ripe fruits takes 
place very late in the season and many stands of S. aloides are difficult to reach owing to 
their location. 
It is not clear why the mixed stands were only found in the Giethoorn area. The conditions 
for the development of seedlings are relatively good as the hydrology of the region is more 
or less intact and the inlet of hard river water is minimal. The intensity and time of dredging 
which is carried out to maintain the ditches, can determine the amount of seeds left on the 
bottom. In most areas, Stratiotes ditches are dredged yearly to prevent water management 
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problems When the ditches are cleaned before fruits have entirely ripened and lost their 
seeds, chances of recruitment of plants from seeds are limited. 
In conclusion, in 5. abides the presence of both sexes appears to determine the availability 
of seeds. In many Stratiotes stands, however, one of the sexes is thought to be absent (Cook 
and Urmi König, 1983; Weedaet al., 1991). The resulting lack of generative propagation 
is also mentioned as a possible cause for the general decline of S. abides (Weeda et al., 
1991) In general, generative propagation increases genetic variability within populations 
(Levin, 1986) and enhances the chances of survival of a population when environmental 
conditions change (Hutchmgs, 1986). In this respect it is important to note that in the area 
where mixed populations of S abides were found, Stratiotes stands are well developed and 
the species is abundant in many ditches. 
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Abstract 
Stratiotes aloides L. seeds need neither light, nor oxygen, nor vernalization to germinate but the 
germlings need light and oxygen for further development. Germination, however, is delayed strongly 
by the mechanical resistance of the seed coat. After liberation from the fruit seeds float probably 
because small gas bubbles are trapped between the hairs of the seed coats. The different stages of 
seedling development are described. 
Keywords: Stratiotes aloides; Germination; Seedling development 
1. Introduction 
According to Cook and Urmi-König (1983) seed production in the water soldier (Stra-
tiotes aloides L.) is known in parts of Germany and Poland, the Danube (Donau) countries 
and Russia. In these regions the species is regarded to be native because male and female 
plants often occur together in the same area. Generally, however, recent finds of S. aloides 
seeds are considered to be rare. 
In the Netherlands, Smolders et al. (1993, 1994,1995), found seeds in S. aloides stands 
in the surroundings of the village of Giethoorn (province of Overijssel). Seeds were only 
present in large numbers in mixed stands. In these stands up to 1800 seeds per 100 female 
plants were found. In stands that consisted exclusively of female plants some seeds could 
sometimes be found if the stands were located less than 1 km from a male or mixed stand. 
Although seedset can be quite substantial, even in mixed 5. aloides stands the recruitment 
of new plants from seeds seems to be limited, ( Smolders et al., 1995 ). Apart from prédation 
on seedlings by snails such as Planorbarius corneus (L.) and adverse conditions owing to 
* Corresponding author. 
0304-3770/95/S09.50 © 1995 Elsevier Science B.V. All rights reserved 
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the accumulation of Phytotoxins in the anaerobic sediment (Smolders et al., 1995) delayed 
germination (Cook and Urmi-König, 1983) is thought to play a role. 
In this paper we report on experiments on the germination of seeds collected in a Dutch 
S. abides stand. Furthermore, the development of seedlings is described and the possible 
role of seeds in the dispersal of the species is discussed. 
2. Materials and methods 
Fully ripe fruits were collected in September/October 1992 in a mixed 5. aloides stand 
in the vicinity of the village of Giethoorn (province of Overijssel). In the laboratory seeds 


































Fig. 1. Relative frequency (f) as percentage of total for seed length (A) and seed width (B) of seeds collected 
in a population of 5. aloides near Giethoorn in the province of Overijssel (The Netherlands) in September 1992, 
(л = 250). 
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were liberated from the fruits. For 250 seeds length and width were measured. Seeds were 
used for experiments as described below. 
2.1. Seed germination 
Freshly collected seeds of S. abides were kept at 4CC in petri-dishes filled with fresh tap 
water. After being kept for different periods at 4°C seeds were incubated in an aerobic or a 
hypoxic medium, respectively in darkness or exposed to a photoperiod of 16 h. Treatments 
were conducted in one or more batches of 25 seeds, in most cases after (careful) removal 
of the seed coat. In some experiments seeds were incubated together with the removed seed 
coats. Furthermore, experiments were conducted with seeds of which the seed coat was not 
removed but perforated; in this case many small holes ( ±0.5 in diameter) were carefully 
made with the aid of a needle in the seed coat. 
Finally experiments were carried out with seeds with an intact seed coat after incubation 
at a temperature of 4°C for 3 months. Batches of 30 seeds were used and experiments were 
executed in triplicate. 
In experiments under aerobic conditions seeds were incubated in open petri-dishes filled 
with fresh tap water. Hypoxic conditions were created by incubating the seeds in air-tight 
sealed glass bottles filled with tap water that was previously flushed with nitrogen gas 
(Smits et al., 1990). 
All above described experiments were conducted at two different temperatures ( 11°C 
and 19°C) in climate rooms, for a period of 4 weeks. 
To check seed germination after passing animal digestive tracks the first author ate 25 
seeds. The retrieved seeds were incubated in a petri dish at 19°C in the light. This experiment 
was carried out in duplo. 
2.2. Seedling development 
Freshly germinated seeds were incubated in a medium (pH 6.8) containing: 2000 ¿¿mol 
1 ' bicarbonate, 10 /¿mol 1~' ammonium, 10 μιτιοί 1~' nitrate, 2000 μιτιοί 1 _ 1 sodium, 
2500 μιτιοί 1~' chloride, 300 μιτιοί 1 " ' magnesium, 1000 μιτιοί 1~' calcium, 100/xmoll"1 
Fig. 2. Freshly shed seeds of S. aloides floating in top of an erlenmeyer. A. After 1 h of incubation 9% of the seeds 
were floating. B. After 5 h of incubation 96% of the seeds were floating. Total amount of incubated seeds was 
100. 
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sulphate, 100 μιηοΐ 1 " ' potasium and 0.5 μπιοί 1" ' phosphate. Concentrations of the trace 
elements were the same as in Roelofs ( 1991 ). Photographs were made of different stages 
of development. 
Fig. 3. A. Different seeds of 5. uloides L. collected in the surroundings of Giethoorn. В. Different modes of 
germination in S. uloides. С Seedlings 2 days after germination, seedlings have the seed coats still attached to the 
enlarging cotyledon (c; h. hypocotyl). Primordiaof the first leaves (p) are lying against the enlarging cotyledon. 
D. Seedling. 3 days after germination, the cotyledon is no longer attached to the seed coat while the primordia of 
the leaves are growing out and are no longer appressed to the cotyledon. E. Seedling. 8 days after germination. 
Leaves are growing out while the leaf apices are typically curled (ca). Bar indicates 5 mm. 
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2.3. Buoyancy of seeds 
One hundred seeds collected from ripe fruits were incubated in an erlenmeyer containing 
the same medium as described under the previous heading. Photographs were taken 1 h and 
5 h after incubation, respectively. 
Fig. 4. A. Seedling. 20 days after germination. Some new leaves are produced, the leaf width is increasing and 
the first root (r) appears at the base of the seedling. B. Detail of the first side root (r) at the base of the seedling. 
C. Seedling. 30 days after germination. The root has only slightly increased in length and the cotyledon (c ) is still 
present. D/E. Seedling. 60 days after germination. The seedling already shows the typical appearance of&Stratiotes 
plant. The cotyledon has disappeared and the first root (r) has increased in length. One of the oldest leaves is 
already decaying. Bar indicates 5mm. 
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3. Results 
3.1. Seed shape and seed size 
Fig. 3a shows some S. aloides seeds collected in the stand near Giethoorn. Seed shape, 
seed length and seed width appear to differ considerably. Fig. 1 shows that seed length and 
seed width are more or less normally distributed and vary between 6.50 mm and 9.75 mm, 
and 2.00 mm and 3.10 mm respectively. The mean length and mean width amount to 8.50 
mm and 2.61 mm, respectively. 
3.2. Buoyancy of the seeds 
The seeds that were liberated after ripening of the fruits in the laboratory possessed the 
typical unicellular hairs that in accordance with the description of Cook and Urmi-König 
(1983) in most cases decayed within a few months. Within several hours after liberation 
and incubation in the erlenmeyer most of the seeds became floating while many gas-bubbles 
were observed between the seed hairs. Fig. 2 illustrates the floating ability of the seeds. 
After 1 h 9% of the seeds had become floating (Fig. 2a) whereas after5 h 96% of the seeds 
were floating (Fig. 2b). 
0 5 10 15 20 25 30 
Time (days) 
Fig. 5 Cumulative germination of 5. aloides seeds after removal of the seed coat. · , hypoxic at 19eC conditions; 
O, aerobic at 19 °C; • , hypoxic at 11 °C and V, aerobic at 11 °C. 
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3.3. Modes of germination 
Three different modes of seed germination were observed (Fig. 3b). In some cases seed 
coats did split longitudinally over their total length (left), while in some other cases only 
the top of the seed coat tore open ( middle). Mostly, however, part of the seed coat did split 
longitudinally (right). 
3.4. Seedling development 
Seedlings only developed under aerobic conditions with sufficient light. Under hypoxic 
conditions or in the dark all seedlings died within two weeks after germination. 
Figs. 3 and 4 show some typical stages of the first 2 months of the development of the 
Stratiotes seedlings reared in the laboratory. 
One day after germination, the enlarging cotyledon of the seedlings is still attached to 
the seed coat ( Fig. 3c ) while the pnmordia of the first leaves are lying against the cotyledon. 
Three days after germination the cotyledon is usually detached from the seed coat while 
the pnmordia are growing out and are no longer appressed to the cotyledon (Fig 3d). In 
the next week leaves are growing out. Leaf apices are typically curled (Fig 3e). 
In the following weeks new leaves are produced, the leaf width increases and approxi­
mately 3 weeks after germination the first root appears at the base of the seedling. After 2 
Table 1 
Germination of Stratiotes aloides seeds under different conditions Seeds without or with perforated seed coats 
were germinated in batches of 25 seeds at 11 or 19°C for a period of 4 weeks N between parentheses indicates 
the number of replicates Seeds were collected in September 1992 in a location in the vicinity of Giethoorn 
Incubation m light aflei 
4 months (aerobic) 
4 months (hypoxic) 
2 months (aerobic) 
0 months (aerobic) 
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Fig. 6. Cumulative germination of intact S. aloides seeds. A. At 19°C under hypoxic and aerobic conditions. B. 
At 11°C under hypoxic and aerobic conditions. 
months the seedlings already show the typical appearance of a Stratiotes plant and the 
cotyledon has disappeared (Fig. 4). 
3.5. Germination experiments 
Fig. 5 shows the cumulative germination after removal of the seed coat under aerobic 
and hypoxic conditions and at two different temperatures. Seeds were considered germinated 
when the cotyledon had increased in size more than one fifth of its length. In all cases seeds 
developed into young seedlings once the cotyledon had started to enlarge. At a temperature 
of 19°C germination starts 3 days after removal of the seed coat and most of the seeds 
germinate within 2 weeks after onset of the experiment. Under hypoxic conditions seeds 
germinate slightly better than under aerobic conditions. The differences, however, are only 
marginal. At a temperature of 11°C, there is a clear delay in seed germination while no 
differences are observed between the aerobic and hypoxic treatments. 
Table 1 shows the effects of different treatments on the number of seeds germinating 
within 30 days after onset of the experiments. The table shows that approximately 70% of 
the seeds germinate after removal of the seed coat. Furthermore temperature, light vs. dark, 
aerobic vs. hypoxic conditions, and incubation with or without the removed seed coats do 
not have much effect on the amount of seeds germinating within 30 days. Of the seeds with 
perforated seed coats, however, only one seed germinated within 30 days. 
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All the seeds that were eaten were retrieved intact in the faeces within 2 days after 
consumption. In the two batches of 25 seeds respectively seven and nine seeds germinated 
within 30days (Table 1). 
Seeds with intact seed coats that had not previously passed a digestive track germinated 
very slowly. After 18 months only 9-10% of the seeds incubated at 19°C and 3-4.4% of 
the seeds incubated at 11°C had germinated (Fig. 6). Aerobic vs. hypoxic incubations did 
not reveal important differences although the aerobic incubated seeds germinated earlier. 
4. Discussion 
The only available earlier descriptions of seedling development are those of Klinsmann 
(1860) and Irmisch (1865). The observed development, described in this paper, is in 
accordance with these earlier descriptions. 
The mean seed length and mean seed width of the 40 seeds collected in the University 
Botanical Garden of Zürich and studied by Cook and Urmi-König (1983) amounted to 
9.02 ± 0.87 mm and 2.66 ± 0.21 mm, respectively. For the seeds that we collected in the 
Giethoorn population (n = 250), the mean seed length (8.50 mm) was somewhat smaller 
while the mean seed width was more or less the same (2.61 mm). The dormancy of the 
seeds appears to be controlled mainly by the seed coat (coat-imposed dormancy; Bewley 
and Black, 1982). As soon as the seed coat is removed as much as 70% of the seeds 
germinate readily without requiring light, oxygen or vernalization. These observations are 
in accordance with observations of Cook and Urmi-König ( 1983). As perforation of the 
seed coat did not enhance seed germination it does not seem likely that dormancy is the 
result of an interference with water uptake of the seed coat. As the seed coat is thick and 
tough, mechanical resistance of the seed coat could play an important role. Mechanical 
resistance of the seed coat is also known to delay germination of other aquatic macrophy tes 
such as Alismaplantago-aquatica L. and some Sagittaria and Eichhornia species (Crocker 
and Davis, 1914). Although co-incubation of seeds and seed coats did not prevent germi-
nation, the observation that germination did not start immediately but, with or without the 
co-incubation of seed coats, only a few days after removal of the seed coat (Fig. 5) could 
indicate that inhibiting substances (produced) in the seed coat are also involved. 
Delayed germination is a strategy that seems to fit well in the life cycle of a species with 
extensive clonal growth such as S. abides. However, Stratiotes stands build up a thick 
sapropel layer and, therefore, seeds are bound to be covered with an anoxic sapropel layer 
within a few years. Seeds of several aquatic species are well known to survive for a (very) 
long time in sediments. The Stratiotes seeds are able to germinate in the dark and under 
hypoxic conditions. Under hypoxic conditions or in the dark, however, seedlings do not 
develop very well and die within a few weeks after germination. Therefore, seeds that do 
not germinate within a few years after seedset and are covered with a thick anaerobic 
sapropel layer are unlikely to contribute to recruitment unless the bottom is disturbed. 
Although many attempts have been made in autumn as well as in spring to find seedlings 
in the natural environment only one seedling of S. aloides has been found in the spring of 
1993 within a Stratiotes stand. All the other small plantlets found had developed from 
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turions as could be easily established from the presence of a scar at the place were the turion 
had been connected to the stolon. 
Cook and Urmi-König ( 1983) wonder why the seeds of 5. abides possess the typical 
unicellular hairs. It is suggested that these hairs play a role in seed dispersal. Stratiotes is 
known to prefer C02-rich waters (high alkalinity and moderate pH) (Prins and de Guia, 
1986). Furthermore, Stratiotes normally occurs on highly reduced sediments ( De Lyon and 
Roelofs, 1988 ) in which the production of gases such as methane and C02 can be substantial. 
Under these conditions small gas-bubbles become trapped between the hairs of the seeds 
and the seeds consequently become floating. 
Buoyancy will facilitate hydrochoric dispersal of the seeds. After they are liberated from 
the fruits in autumn, when the Stratiotes plants are sinking or have already sunk to the 
bottom, seeds are easily dispersed by autumn winds. This may especially account for those 
stands that border on vaste water bodies. Outside the Stratiotes stands chances of seedlings 
to develop, even after a period of a few years, are generally better because there will be less 
sapropel accumulation. 
The many records of fossil Stratiotes seeds in coprolites (Cook and Urmi-König, 1983) 
indicate that seeds may be dispersed by animals (endozoochoric dispersion). Seeds liberated 
but covered by overwintering prickly Stratiotes plants are not likely to be eaten. The 
buoyancy of the seeds, however, increases the chance that seeds are eaten by waterfowl, 
fish or other animals. For some aquatic species it is known that seed germination is enhanced 
after passing the digestive system of birds or carps by weakening the seed coat and/or by 
suppressing the action of chemical inhibitors produced by the seed coat (Lohammer, 1954; 
Smits et al., 1989). As seed germination is enhanced after passing the digestive track of an 
human being it is not unlikely that seeds are not only dispersed by animals but that germi-
nation of Stratiotes is also enhanced following endozoochoric dispersal. 
In conclusion it is proposed that protracted germination in combination with the floating 
ability of the seeds seems to be functional because chances of (endozoochoric and 
hydrochoric) dispersal, germination and establishment of 5. aloides on new locations are 
increased. In the surroundings of Giethoorn many of the Stratiotes stands are mixed and 
produce ample amounts of seeds (Smolders et al., 1995). In this area S. aloides is abundant 
in many ditches which points to an efficient dispersal of the species. Dispersal is probably 
the most important function of seeds of species with an extensive vegetative propagation, 
especially when the recruitment of seedlings is very low as seems to be the case for S. 
aloides (Smolders et al., 1995). 
Acknowledgement 
The authors thank A.H.N, van Duynhoven for practical assistance and H. Spruyt for 
photographing seeds and seedlings. 
References 
Bewley, J.D. and Black, M., 1982. Physiology and Biochemistry of Seeds (in Relation to Germination). Part 2 
Viability, Dormancy and Environmental Control. Springer, Berlin, 375 pp. 
-140-
Cook, CD К and Urmi-Konig, Κ, 1983 A revision of the genus Stratiotes (Hydrochantaceae) Aquat Bot, 16 
213-249 
Crocker, W and Davis, WE, 1914 Delayed germination in seed of Alisma plantago Bot Gaz, 58 285-321 
Irmisch, Τ, 1865 Beitrag zur Naturgeschichte des Srratiotes aloides Flora, N F , 23 81-91 
Klinsmann, F. I860 Ein Beitrag zur Entwickelungsgeschichte von Stratiotes aloides Bot Zeitung, 18 81-82 
Lohammer, G , 1954 The effect of digestion on the germination of Potamogetón seeds Fauna och Fauna, Hafter, 
1-2 17-32 
Pnns, Η В A and de Guia, Μ В , 1986 Carbon source of the water soldier (Stratiotes aloides L ) Aquat Bot, 
26 225-234 
Roelofs. J G Μ , 1991 Inlet of alkaline nver water into peaty lowlands Effects on water quality and Stratiotes 
aloides L stands Aquat Bot, 39 267-293 
Smits, A J M , van Ruremonde, R and van der Velde, G , 1989 Seed dispersal of three Nymphaeid macrophytes 
Aquat Bot, 35 167-180 
Smits, A J M , van Avesaath, Ρ Η and van der Velde, G, 1990 Germination requirements and seed banks of 
some Nymphaeid macrophytes Nvmphaea alba L , Nuphar lutea (L ) Sm and Nvmphoides pettata (Gmel ) 
О Kuntze Freshwater Biol, 24 315-326. 
Smolders, A , van Duynhoven, A H N and Roelofs, J G M , 1993 Vruchtzetting en zaadproductie van Krabbe-
scheer (Stratiotes aloides L ) in Nederland Gorteria, 19 55-61 
Smolders, A , van Duynhoven, A H N and Roelofs, J G M , 1994 Frucht- und Samenansatz der Krebsschere 
(Stratiotes aloides L) in den Niederlande Aqua Planta, 19 11-19 
Smolders.A ,denHartog,C and Roelofs, J G Μ , 1995 Observations on fruiting and seed-set of Stratiotes aloides 








Environmental factors causing the decline of rooted aquatic macro-
phytes in Stratiotes a/oides dominated communities 
Forty-five stands of aquatic plants (located all over the Netherlands) in 
which Stratiotes a/oides was abundant in 1980 were studied in 1980 and 1992 
(chapter 3). In 1992, Stratiotes a/oides was found again in only 24 of these 
locations. Apart from Stratiotes a/oides, many other rooted aquatic macro-
phytes have also declined. Conversely E/odea natta////and non-rooting species 
such as Lemna spec, Spirodela po/yrhizaand algae have become dominant at 
the locations where Stratiotes has disappeared. The abundance of the Nym-
phaeid species, Nymphaea alba and Nuphar lutea, remained more or less 
stable (Chapter 3). Analyses of water, sediment pore water and plant material, 
strongly suggest a connection between the decline of Stratiotes a/oides on the 
one hand and eutrophication and increased ammonium levels of the water 
layer aswell as iron exhaustion and sulphide accumulation in sediment pore 
water on the other hand (Chapter 3). 
Internal and External Eutrophication 
As well as external eutrophication (caused by an high external load of 
nutrients), internal eutrophication (caused by changes in the mobilisation rate 
of nutrients in an ecosystem without changes in the input of nutrients) appears 
to be an important phenomenon in peaty lowland areas in the Netherlands 
(chapter 2). Due to the generally decreased ground water levels in recent 
decades, seepage, which is characterised by a relatively high acidity, low sul-
phate content and relatively high level of iron, has decreased strongly. In addi-
tion, alkaline, sulphate enriched river water must be allowed in so as to com-
pensate for water losses due to drainage. As a result, the supply of iron to 
the system is decreased while sulphate reduction leads to the formation of 
sulphide (chapter 2). Sulphide is usually bound to iron(ll) and precipitates as 
iron(ll) sulphide (chapters 2, 4 and 6). As a result of iron-sulphide precipitation, 
dissolved iron levels are decreased while iron(lll)phosphates and iron com-
pounds (such as iron(hydr)oxides) to which phosphates are adsorbed are 
reduced and solubilized (chapters 2. 4 and 6). Consequently, sulphide and 
phosphate levels in sediment pore water will increase (Chapter 2 and 4). 
Furthermore, sediments are alkalinized due to the alkaline nature of the inlet 
water and the alkalinity-generating sulphate reduction process (Chapters 2 and 
3). Under alkaline conditions nutrients are mobilized owing to the increased 
breakdown of organic matter (Chapter 2). 
As a result of these processes, iron/phosphate ratios in sediment pore water 
decrease. Lowered iron/phosphate ratios increase the net exchange of phos-
phate to the water layer (Chapter 3). Increased nutrient mobilisation in the 
sediments, due to the reduction of iron compounds and alkalinisation of the 
sediment, and the consequential exchange to the water layer are considered 
as internal eutrophication processes because the level of available nutrients in 
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the system increase without an increased external supply of nutrients. 
Probably, eutrophication is one of the main causes for the decline of Stra-
tiotes aloides. Strongly increased nutrient levels in the water layer lead to algae 
bloom, turbid waters and/or a dominance of non-rooted macrophytes (Chap-
ters, 2, 3 and 4). Stratiotes stands are witnessed to be totally outcompeted by 
non-rooted macrophytes and filamentous algae (Chapter 3). Stratiotes stands 
are especially vulnerable when a blanket of lemnoids develops early in spring 
before the Stratiotes plants migrate to the water surface. Of course, a cover of 
blanketing plants decreases the availability of light in a major way. However, 
blankets of filamentous algae are also observed to affect Stratiotes a/oides in 
an even more direct way. The outer leaves of Stratiotes plants appear to die 
away due to adhered epiphytic algae. Gradually, more and more leaves die, 
while, at the same time, the specific gravity of the plants increases. Finally the 
plants sink beneath the blanket (Chapter 3). 
Ammonium toxicity 
The field study described in chapter 3 reveals that Stratiotes aloides has 
disappeared from waters in which the ammonium levels have increased to 
values higher than 30 micromol.M (chapter 3). This suggests that ammonium 
toxicity may be involved in the decline of the species in these locations. The 
experiment described in chapter 5 shows that young, phosphorus deficient 
Stratiotes plants are affected by ammonium. Even at external ammonium con-
centrations as low as 10 micromol.M, nitrogen levels in the plants increased 
strongly compared to the plants grown at 10 micromol.M nitrate. The strong 
increase of nitrogen in the plants is associated with a strong accumulation of 
free amino acids and probably with a decreased synthesis of other nitrogen 
containing compounds such as proteins. Furthermore, the uptake of cations, 
such as potassium, magnesium and calcium, is decreased. Apparently the 
plants are unable to prevent the uptake of ammonium despite the fact that the 
nutritional balance of the plants is affected very unfavourably. Ammonium is 
incorporated into free amino-acids (principally asparagine and glutamine) in 
order to prevent the accumulation of highly toxic ammonium. Nevertheless, 
accumulation of free ammonium could not be prevented at the highest external 
ammonium concentrations (50, 100 and 250 micromol.M). At 100 and 250 
micromol.M , the amount of nitrogen that is not present in free amino-acids or 
ammonium becomes very low, also, the net growth is importantly lower com-
pared to the plants growing at lower external ammonium levels. 
In conclusion, high external ammonium levels can affect young Stratiotes 
plants severely. The mechanism described in chapter 5 could also be involved 
in the decline of Stratiotes aloides in those stands where ammonium levels in 
the water layer are strongly increased. 
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Sulphide toxicity and iron deficiency 
Chapter 6 shows that at even relatively low concentrations, sulphide can 
seriously affect the survival of Stratiotes a/oides roots. In the field, increased 
sulphide levels in the sediments seriously affect the number of healthy roots 
(Chapters 3 and 6). Potamogetón acutifo/ius (another species that has declined 
strongly in recent decades) is also found to suffer from increased sulphide 
levels (Chapter 4). Apart from the roots, the shoots of Potamogetón acutifo/ius 
die away at the sediment/water interface. As a result, the leaves detach and 
float on the water surface. 
Furthermore, sulphide accumulation is always associated with very low iron 
levels in sediment pore water (Chapter 2, 3, 4 and 6). In those Stratiotes 
stands in which iron levels in sediment pore water were very low, most plants 
were chlorotic with the iron levels in the leaves becoming very low (chapter 3). 
This clearly indicates that the plants suffer from iron deficiency. Absolute iron 
deficiency is also found in Nymphoides peitata (chapter 7). The Nymphoides 
leaves not only become chlorotic but also show a hampered growth. 
Stratiotes aloides seems to have a clear ecophysiological niche which is 
determined by the iron levels in the sediment. Compared to many other spe-
cies, Stratiotes is seldom found at high iron levels in sediment pore water. This 
is very probably linked to the relatively low radial oxygen losses of the roots 
(chapter 6). As a result of the low oxygen losses, iron is oxidized inside the 
roots resulting in the accumulation of iron (hydr)oxides in the apoplast of the 
roots. As a consequence, the roots die early while root hairs appear to be 
absent due to iron (hydr)oxide deposition at their bases (chapter 6). The rela-
tively low iron(ll) concentrations in sediment pore water certainly make the 
habitats of the species relatively vulnerable to iron depletion and sulphide 
accumulation. 
Multiple stress 
Normally, more than one of the above described stresses might affect a 
Stratiotes stand simultaneously. Therefore the decline of Stratiotes a/oides can 
be attributed to a multiple stress syndrome (Chapter 3). The environmental 
changes that cause these stresses are initiated by changed land use practices 
in the peaty lowland areas of the Netherlands which lead to changed hydro-
logical conditions. These lead to an increased growth of filamentous algae and 
non-rooting macrophytes (eutrophication), ammonium toxicity, sulphide toxi-
city and iron deficiency. All these stresses can affect the vitality of the plants 
independently or in combination with each other. 
Lack of generative propagation 
Apart from environmental causes for the decline of Stratiotes a/oides, there 
are also possible causes connected to the mode of propagation of the spe-
cies. Most Stratiotes stands consist of only male or only female individuals, and 
hence, generative reproduction will be very limited. In entirely female stands 
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seed bearing fruits are only encountered when the stand is located very near 
to a male or mixed stand, (chapter 8). Seeds are only abundant in mixed Stra-
tiotes stands. Mixed stands were only found in the surroundings of Giethoorn 
(chapter 8). 
The seeds are probably important for the dispersal of the species (chapter 
9). After liberation, the seeds will float and in this way can be dispersed over 
considerable distances. Furthermore, the seeds can be eaten by water birds 
which enhances not only dispersal, but also germination (chapter 9). An effec-
tive dispersal mechanism by means of seed, may explain the fact that Stra-
tiotes aloides is present in almost every ditch in the surroundings of Giethoorn. 
Dispersal does not prevent the decline on a local scale (due to changed 
environmental conditions), but of course can prevent the decline on a regional 
scale. 
Conclusion 
Eutrophication, ammonium toxicity, sulphide toxicity and/or iron deficiency, 
due to increased external nutrient inputs and/or a changed hydrology of the 
habitats, are probably the most important reasons for the decline of Stratiotes 
aloides and other rooted aquatic macrophytes in the peaty lowland areas of 
the Netherlands. The general lack of generative propagation in the unisexual 
Stratiotes aloides stands limits the dispersal within the regions where the spe-
cies is still present. 
Some considerations for water and nature manage-
ment. 
, Until now, water management measures were, and still are, often based on 
inadequate knowledge of the processes regulating the water quality. Particu-
larly, the importance of water/sediment interactions are often neglected or 
largely underestimated. This thesis illustrates the important role of the sediment 
for the water quality of, at least, the surface waters in the peaty lowland areas 
of the Netherlands. Figure 1, for instance illustrates the strong correlation that 
exists between the alkalinity of the sediment and the phosphorus and 
ammonium levels in sediment pore water. It confirms the important role played 
by alkalinisation in the mobilisation of nutrients in reduced organic sediments 
as is described in this thesis. In the following pages some recommendations 
for water and nature management will be made based upon the results and 
insights obtained by the work elaborated in this thesis. 
At present, phosphate removal is frequently applied to diminish the external 
eutrophication of surface waters. Although termination of external eutrophica-
tion is a worthy goal to strive for, one must realize that, in most areas, internal 
eutrophication may be far more important than external eutrophication. This 
may explain the limited success of some water management projects that 
neglect these internal eutrophication processes. 
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Figure 1 
Relationship between alkalinity and ammonium (a) and ortho-phosphate (b) 
concentrations of sediment pore water in 70 randomly selected peaty sedi­
ments in The Netherlands. Sampling and analyses were carried out according 
to Smolders and Roelofs (Aquatic Botany (1993) 46: 247-253). The observa­
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Flushing aquatic ecosystems with, so-called, clean (poor in phosphates) but 
sulphate containing alkaline water to discharge phosphate from the system 
cannot be recommended. Also, the removal of phosphates from the inlet water 
with iron(lll)sulphate (which is considered at present because iron(lll) sulphate 
is much cheaper than iron(lll)chloride) may be disastrous for the aquatic 
environment and should be rejected. 
There are only limited possibilities to counteract or to prevent the decline of 
aquatic ecosystems due to internal eutrophication and iron exhaustion of redu-
ced sediments. The most durable, long-term way to prevent this deterioration 
is the restoration of the original hydrological situation. The input of sulphate 
enriched and/or alkaline water has to be abandoned and the continuous input 
of iron by seepage has to be restored. Sulphate removal is also an interesting 
option. Until now, however, there has been no appropriate technology available 
to strip sulphate from the water in an economically and environmentally accep-
table way. 
Another option in counteracting the process of iron exhaustion is iron addi-
tion. The enclosure experiment (chapter 4) demonstrates the beneficial effects 
of iron (II) addition in the first year following after the addition. In the second 
season however, iron levels were again very low and sulphide and phosphate 
levels in the sediment increased strongly, as did the turbidity of the water 
layer, in the iron treated enclosures. More field experiments have to be carried 
out to gain more insight into the suitability of the technique. At the moment, 
however, application on a larger scale is not to be recommended because of 
the high costs and the purely temporary beneficial effects that are to be 
expected. 
Removal of phosphate enriched, iron depleted sediments from the water 
bottom seems to be another option. However, if the original hydrology is not 
restored, the effect of sediment removal is also only temporary. Additional pro-
blems linked with sediment removal are not only the high costs, but also the 
fact that, according to the present environmental standards, many sediments 
are technically to be considered "chemical waste". 
For unisexual Stratiotes stands, it may be beneficial to introduce the 
other sex. This unisexual condition holds for most of the investigated Dutch 
Stratiotes a/o/des stands. Furthermore, it is important not to clear the entire 
Stratiotes stands. Especially in the generatively propagating stands, it is impor-
tant that, every year, a sufficient proportion of the female plants remains so as 
to promote the dispersal of seeds and generative propagation. 
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Samenvatting 
Vijfenveertig locaties waar Krabbescheer (Strat/dtes a/oideá¡ voorkwam in 
1980 werden opnieuw bestudeerd in 1992 (hoofdstuk 3). In 1992 werd Krab-
bescheer nog maar aangetroffen op 24 van deze locaties. Behalve Krabbes-
cheer bleken ook vele andere wortelende waterplanten achteruitgegaan te zijn. 
Elodea nuttattü en niet wortelende waterplanten zoals Lemna soorten en Spiro-
dela polyrhiza en filamenteuse algen bleken veelal dominant te zijn op de 
plaatsen waar Krabbescheer was verdwenen. De abundantie van de nym-
phaeide soorten Nuphar lutea, Nymphoides pettata en Nymphaea a/ba is min 
of meer gelijk gebleven. Analyse van het water, het sediment-poriewater en de 
planten laten zien dat er in de bestudeerde locaties een sterk verband bestaat 
tussen de achteruitgang van Krabbescheer en de eutrofiëring en sterk 
toegenomen ammoniumgehalten van de waterlaag. Daarnaast lijken de uitput-
ting van vrij—ijzer en de daarmee samenhangende accumulatie van sulfide in 
het sediment (hoofdstuk 3) mogelijke oorzaken te zijn voor de achteruitgang 
van de soort. 
Interne en externe eutrofiëring 
Eutrofiëring van de waterlaag kan zowel externe als interne oorzaken heb-
ben. Externe eutrofiëring wordt veroorzaakt door de directe verrijking van een 
oecosysteem met nutriënten. Interne eutrofiëring wordt veroorzaakt door een 
toename van de mobilisatie van nutriënten in een oecosysteem zonder dat er 
een netto input van nutriënten van buitenaf plaatsvindt. In het algemeen is het 
grondwaterpeil in Nederland sterk gedaald in de laatste decennia. Dit heeft tot 
gevolg dat de kweldruk vaak sterk is afgenomen en alkaliën sulfaatrijk rivierwa-
ter moet worden ingelaten om te voorkomen dat aquatische systemen verdro-
gen. Als gevolg hiervan neemt de aanvoer van ijzer (via kwel) naar het sys-
teem sterk af terwijl de sulfaatreductie in de veelal gereduceerde organische 
sedimenten sterk toeneemt (hoofdstuk 2). Sulfide, het produkt van de sulfaa-
treductie, bindt sterk aan vrij—ijzer en precipiteert als ijzersulfide (hoofdstukken 
2,4 en 6). Uiteindelijk nemen de gehalten aan vrij—ijzer sterk af en worden 
ijzerfosfaten en ijzerverbindingen waaraan fosfaten zijn geadsorbeerd geredu-
ceerd en opgelost. Uiteindelijk resulteert dit in een toename van de sulfide en 
fosfaatconcentraties in het ponewater (hoofdstukken 2 en 4). Verder neemt de 
alkaliniteit van de sedimenten toe ten gevolge van het alkaliene karakter van 
het ingelaten riviertype-water en de toegenomen sulfaatreductie (hoofdstukken 
2 en 3). Onder alkaliene omstandigheden wordt de afbraak van organisch 
materiaal gestimuleerd waardoor de beschikbaarheid van nutriënten in het 
sediment, in het bijzonder ammonium, sterk toeneemt (hoofdstuk 2). 
Ten gevolge van de hierboven beschreven processen zullen de ijzer/fosfaat 
ratios van het poriewater sterk afnemen. Lagere ijzer/fosfaat ratios leiden tot 
een toename van de uitwisseling van fosfaat van het sediment naar de water-
laag (hoofdstuk 3). De toename van de mobilisatie van nutriënten in het sedi-
ment als gevolg van de reductie van ijzer en de alkalinisatie van het sediment 
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en de uitwisseling van deze nutriënten naar de waterlaag kunnen worden 
gezien als interne eutrofiëring omdat de beschikbaarheid van nutriënten voor 
planten van het systeem wordt beïnvloed zonder dat er nutriënten van buitenaf 
worden aangevoerd. 
Eutrofiëring lijkt een van de oorzaken voor de achteruitgang van Krabbes-
cheer. Sterk toegenomen nutriëntengehalten in de waterlaag leiden tot een 
algenbloei en troebeling van het water in grotere waterlichamen en tot een 
dominantie van niet wortelende waterplanten en filamenteuse algen in kleinere 
ondiepe wateren. Een dicht dek van algen en/of niet wortelende waterplanten 
zal natuurlijk de lichtniveaus zeer nadelig beïnvloeden. Vooral wanneer er zich 
een dicht dek ontwikkelt vroeg in het voorjaar zullen de Krabbescheer planten 
problemen krijgen omdat ze licht nodig hebben om te kunnen migreren naar 
het wateroppervlak. Filamenteuse algen kunnen de Krabbescheerplanten ook 
direct aantasten. Algen die op de planten groeien leiden tot het afsterven van 
vooral de oudere bladeren. Beginnend vanaf de buitenste bladeren wordt zo 
geleidelijk een steeds groter deel van de plant aangetast tot deze uiteindelijk 
wegzinkt onder de algenmat (hoofdstuk 3). 
Ammoniumtoxiciteit 
De veld studie (hoofdstuk 3) maakt duidelijk dat krabbescheer vrijwel overal 
is verdwenen waar de ammoniumconcentratie in de zomer hoger is dan 30 
mikromol.h1. Dit suggereert dat ammoniumtoxiciteit een belangrijke oorzaak kan 
zijn voor de achteruitgang van Krabbescheer op deze locaties. Het experiment 
dat beschreven wordt in hoofdstuk 5 laat zien dat jonge krabbescheerplantjes 
erg gevoelig zijn voor ammonium als ze groeien onder fosfaat gelimiteerde 
omstandigheden. Zelfs bij ammoniumconcentraties van 10 mikromol.h1 neemt 
het stikstofgehalte van de plantjes sterk toe ten opzichte van de controle plan-
ten die alleen nitraat (10 mikromol.h1) krijgen. De sterke toename van de 
stikstofconcentratie gaat gepaard met een sterke accumulatie van vrije amino-
zuren en een afname van de eiwitsynthese. Verder wordt de opname van de 
kationen kalium, magnesium en calcium sterk geremd. Blijkbaar kunnen de 
planten de opname van ammonium niet remmen ook al wordt de nutriënten-
balans van de planten sterk negatief beïnvloed. Om te voorkomen dat het gif-
tige ammonium accumuleert in de cellen wordt dit onmiddellijk omgezet in 
(niet of veel minder giftige) vrije aminozuren (voornamelijk asparagine en gluta-
mine). Bij de hoogste externe ammonium concentraties (50, 100 en 250 mikro-
mol.h1) kan de accumulatie van vrij ammonium in de cellen niet meer worden 
voorkomen. Bij externe ammonium concentraties van 100 en 250 mikromol.h1 
is het deel van de stikstof dat niet aanwezig is als vrij aminozuur of ammonium 
erg laag terwijl de netto groei sterk achterblijft bij die van de planten die groei-
den bij lagere externe ammoniumconcentraties. 
Er kan geconcludeerd worden dat hoge externe ammonium concentraties de 
groei van jonge Stratiotes planten sterk negatief beïnvloeden. De mechanismen 
zoals beschreven in hoofdstuk 5 kunnen betrokken zijn bij de achteruitgang 
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van Krabbescheer op die plaatsen waar de ammoniumconcentraties in de 
waterlaag sterk zijn toegenomen. Verder wordt ook de C/N ratio van de planten 
negatief beïnvloed waardoor de planten aantrekkelijker worden voor herbivoren 
en/of gevoeliger voor infectie door pathogenen . 
Sulfide toxiciteit en ijzergebrek 
Hoofdstuk 6 laat zien dat zelfs relatief lage sulfide-concentraties de over-
levingstijd van Krabbescheerworteis behoorlijk negetief beïnvloedt. Ook in het 
veld blijken Krabbescheerplanten op een sulfidehoudend sediment aanzienlijk 
minder gezonde wortels te hebben dan normaal (hoofdstuk 3 en 6). Ook Pota-
mogetón acutifo/ius blijkt gevoelig te zijn voor sulfide (hoofdstuk 4). Behalve de 
wortels blijkt bij deze soort ook de spruit weg te rotten net boven de overgang 
van wortel naar spruit. 
Verder blijkt sulfide-accumulatie in het sediment vrijwel altijd samen te gaan 
met een sterke afname van de ijzerconcentratie in het sediment-poriewater 
(hoofdstukken 2, 3, 4 en 6). Op de locaties waar het ijzergehalte van het sedi-
ment-poriewater zeer laag was waren de Stratiotes planten veelal chlorotisch. 
De ijzergehalten van de bladeren van deze planten waren zeer laag (hoofdstuk 
3). Dit lijkt erop te duiden dat de planten op deze locaties lijden aan ijzerge-
brek. Ijzergebrek werd ook gevonden bij Nymphoides pettata (hoofdstuk 7). Bij 
deze soort blijkt behalve chlorose ook een remming van de groei op te treden. 
Stratiotes aloides lijkt een duidelijke oecologische niche te hebben die 
bepaald wordt door de ijzerconcentratie in het poriewater van het sediment. 
Vergeleken met veel andere soorten wordt Krabbescheer zelden aangetroffen 
op plaatsen met een relatief hoge ijzerconcentratie in het poriewater. Dit heeft 
zeer waarschijnlijk te maken met het zeer lage oxidatieve-vermogen van de 
wortels (hoofdstuk 6). Als gevolg van de geringe zuurstofafgifte van de wortels 
wordt het vrije ijzer voor een belangrijk deel in de wortels geoxideerd wat leidt 
tot een precipitatie van ijzer(hydr)oxiden in de apoplast van de wortels. Als 
gevolg hiervan gaan de wortels sneller dood en blijken tevens de wortelharen 
vroegtijdig af te sterven. 
Een lage concentratie aan vrij—ijzer in het sediment kan leiden tot ijzergebrek 
en sulfidetoxiciteit en zal de overleving dus ook negatief beïnvloeden. 
Meervoudige stress 
Eutrofiëring, ammoniumtoxiciteit, sulfidetoxiciteit en ijzerdeficientie kunnen de 
vitaliteit van de planten onafhankelijk of in combinatie met elkaar sterk nadelig 
beïnvloeden. In het algemeen zullen meer van deze stress factoren tegelijker-
tijd een vegetatie aantasten (meervoudige stress, hoofstuk 3). De veran-
deringen in het abiotisch milieu die deze stress initiëren moeten worden 
gezocht in het veranderde landgebruik in de laagveengebieden van Nederland. 
De sterke ontwatering leidt tot een sterke daling van het grondwaterpeil en dus 
tot een verregaande verandering van de hydrologie, terwijl de intensivering van 
de landbouw leidt tot directe eutrofiëring van het oppervlaktewater. 
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Gebrek aan generatieve voortplanting 
Naast de veranderingen in het abiotische milieu zijn er mogelijk ook andere 
oorzaken voor de achteruitgang van Stratiotes aio/des. Deze hangen samen 
met de wijze van voortplanting van de soort. Omdat de meeste Stratiotes-
vegetaties bestaan uit uitsluitend mannelijke of vrouwelijke planten is de moge-
lijkheid tot geslachtelijke voortplanting van de soon" beperkt. Alleen vrouwelijke 
vegetaties die zeer dicht bij een uitsluitend of gedeeltelijk mannelijke vegetatie 
liggen blijken enige zaaddragende vruchten te produceren (hoofstuk 8). Zaden 
worden uitsluitend in grote aantallen gevonden in gemengde vegetaties. 
Gemengde vegetaties werden uitsluitend gevonden in de omgeving van Giet 
hoorn waar de soort nog kan worden aangetroffen in vrijwel elke sloot (hoofd-
stuk 8). 
Gebrek aan verspreiding 
De zaden van Krabbescheer lijken een belangrijke rol te spelen bij de ver-
spreiding van de soort (hoofstuk 9). Nadat de zaden vrijkomen blijken ze een 
tijdje te drijven op het wateroppervlak waardoor ze over een behoorlijke afstand 
verspreid kunnen worden. Dit vergroot ook de kans dat ze door watervogels 
gegeten worden wat niet alleen de verspreiding maar ook de kieming positief 
kan beïnvloeden. Een effectieve verspreiding door zaden zou kunnen verklaren 
dat Stratiotes a/oides aanwezig is in vrijwel elke sloot in de omgeving van 
Giethoorn. Verspreiding door zaden zou met name de regionale achteruitgang 
van de soort kunnen voorkomen. 
Conclusie 
Eutrofiëring, ammoniumtoxiciteit, sulfidetoxiciteit en ijzerdeficiëntie als gevolg 
van nutriënten verrijking en/of een veranderde hydrologie van de habitats zijn 
waarschijnlijk de belangrijkste oorzaken voor de achteruitgang van Stratiotes 
aio/des en andere wortelende waterplanten in de laagveengebieden van 
Nederland. De gebrekkige geslachtelijke voortplanting maakt Krabbescheer 
mogelijk gevoelig voor veranderende milieuomstandigheden en beperkt ook de 
verspreiding van de soort binnen de regios waar de soort nog aanwezig is. • 
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